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In August 1951 a University of Kansas Research group was 
assigned to sfcwdv the general problem of tha launching and 
landing of earrier aircraft.    The wo2%: was dona un&ar contraot 
OHR S§3 (01) •    The purpose of the study was to obtain from 
a w*ll» trained diversified group not too imbued with past and 
preaant Xavy thinking and procedure* an independent evalmtiot*. 
of the problem and possible methods ef solution, smpha^ls 
beiiig plaead upon doTalopiaant to BM»at futura naads rather 
than just to solve iaessdlete problems. 

It vaa laft to tha group to ohooaa those aspects of tha 
problem on which to concentrate*    As a result.  certain aapaats 
of tha problem have baan studied intensively while others 
have baan considered only superficially.    In analysing 
tha problem and dividing it into its several aspeots.  tha group 
aaksd two questions:-  (1)  la this aspect of tha problem of 
decided importance?    (2) Can tha group maka a worthwhile 
oontFibutien by studying intensively thia aapect of the 
problem?    Smphaala was plaoed upon those aapeota for which 
the  answer to each quo a ti on was af finsatlve. 

the — group aubmits ita final report in four parts. 
title and general oontent of each part ia aa follows 1 

Part      I*    General Report. 

2aie seotion presents In a comprehensive yet 
understandable manner the problem aa the  group 
sees it,  and makes clear what  the group believes 
can and/or should be dona.    Thia section is 
relatively free of details but comprehensive 
as regards general conclusions. 

Part    II.    Limitations of Cable-Drive Catapults. 

This aection presents a detailed study of the 
limitations of  cable-drive  catapults and the 
relative effsots of different modifications of 
cable drives.    It is rather analytical. 

Part III.    A Multi-Jet Driven Catapult (Hydrapult). 

This section presents the results of a study of a 
multi-jet catapult which the group refers to aa 
a "hydrapult."    Although emphaaia ia placeu upon 
the general features and operation of the proposed 
hydrapult,  numerous details are  included. 
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CONFiDENiiA 
Part    IV*    Barricade 

SECURITY INFORMATION 

This section presents the results of a model 
study of harrlasdes* It contains many tabula? 
data giving fores distributions among the 
various elements of typical barricades. 
HUBsrous photographs es-# inoludsd« 

Ths university of Kansas Research Group assigned to study 
this problem and submit this report was composed of the 
following staff members t 

W, J. Argersinger, Jr., Ph.D., Associate Professor of 
Chemistry. 

L. W. Seagondollar, Ph.D., Assistant Professor of Physios. 

V* M. Simpse?*,1 Ph.D., Professor of Aeronautieal Fngin*#rlng 
and Chaiaaun of department. 

Wo P* Smith,  Ph.D., Associate Professor of Sleotrioal 
Sngineerlng. 

9 
V* /J. Snyder, Ph.D., Assooiate Professor of Mechanical 

Engineering and Chairman of department* 

J. D. Stranathan, Ph.D., Professor of Physios and Chairman 
of department. 

D- G. Wilson,^ Ph.D., Professor of Sleotrioal Engineering 
and Chairman of department. 

G- o. Wiseman, Ph.D., Assistant Professor of Physios. 

1 Resigned from group January 15, 19>2« 
2 Resigned from group August 15, 195?. 
3 Resigned from group Naroh 12* 1952. 
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AHTRODUCTIOS 

A catapult must furnish to the aircraft being launched a 
large amount of energy in a very short time interval, since 
a machine which can produce directly great amounts of power 
for short time intervals is impracticable, tho usual procedure 
is to store a large amount of energy in some potential form ana 
then release this energy during the launching period* The 
supply of potential energy is then reestablished during the 
relatively long time interval between launohings. The baaie 
problem with such machines is that of developing a satisfactory 
method of transmitting the energy from the storage units to the 
aircraft* Any practical transmission system must be reliable; 
it must be capable of delivering the required energy in the 
short time interval available; it must not be too massive; and 
the mass of material that has to be accelerated with the aircraft 
must be kept low. 

Basic Principle of the gydrapult 
e—we—i mat   jmmmmmmmmSmmmtmmKmimmmmmmmmmmtmmmmmmmmmmmm 

One method of energy transmission is  that used in the Pelton 
water wheel*    In the  catapult considered here,  the water buckets 
are attached to a shuttle which moves along a straight track 
rather than to a wheel which rotates*    The aircraft is attached 
to the shuttle in a standard manner*    Work has been done else- 
where on a system using a single, large jet of water.      With a 
single jet serious difficulties arise oeeause of divergence of 
the stream as the noszia-to-shuttle distance becomes large*     In 
wrder to avoid this difficulty it is proposed that many nozzles 
be placed beneath the shuttle  track,    Each nozzle will be 
turned on as the shuttle arrives tt the position where the 
Jet from that nozzle will strike one of the buckets mounted 
on the shuttle*    As the shuttle moves to a position where  the 
jet from this nozzle will no longer strike a bucket, the nozzle 
will be turned off.    Thus the thrust of the single stream will 
be  replaced by many short-time  impulses as succeeding jets of 
water (or other fluid) propel the shuttle.' 

In Greek mythology  the  "hydra* was a many-headed sea 
serpent.     The name hydrapult is proposed for a catapult of 
the multi-jet design.    The essential features of a hydrapult 
are  shown by the schematic  diagram on the following page* 

•e "Considerations on a Large Hydraulic Jet Catapult," by 
Langley Aeronautical Laboratory,  NACA RM L51B27, April 1951* 

# This basic idea has been under consideration by this group 
since September 1951,    It has been considered independently 
by P.  0. Ringleb and others,   "Dynamics of a Hydraulic Jet 
Catapult with Automatic Jet Control," NAMC Report No. 
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Basic Components <?f the Hydrapult 

The general features  of the  severs! basic components of the 
hydrapult will now be considered one by one.    A number of them 
will be  considered in detail later* 

Aooumulator-Ram 

The aooumulator(s) will contain a high pressure gas charge* 
The pressure will be transmitted to the fluid by means of a 
diaphragm or piston.    Appropriate controls will Insure that 
the pressure  is  transmitted at the proper  time. 

High Pressure  Piping System 

A high pressure piping system will run from the aocumulator- 
ram unit(s)  to the nozzles which are located along the aooelerated 
run.    Plow of thj fluid from the nossles against the buckets on 
the shuttle will be  controlled by fast acting valve? which are 
activated by the  shuttle* 

Shuttle 

The shuttle will move along the  track as a result of the 
force exerted by the high pressure jets from the nozzles 
playing on buckets attached to the shuttle.    This motion can 
be  transmitted te the plane by an appropriate bridle and hook 
arrangement to provide a direct drive, or by a cable system 
to provide an indirect drive*    The length of the  shuttle  should 
be approximately 10 feet.    A height of 1 foot and a width of 
2 or 3 feet appear feasible*    Thus there is a good possibility 
that a direct drive arrangement can be utilized, with the 
shuttle operating in a channel directly under the flight deck* 
The buckets on the  shuttle will be of the  Pelton type  in which 
the  jet impinges on a sharp dividing line which splits  the 
stream in half, with each half undergoing a change in direction 
of almost ld0°*    Since  Pelton type buckets in existing water 
wheels withstand impulsive forces of over 100.000 lbs*  per 
bucket, it would seem that design of satisfactory hydrapult 
buckets would not be  too difficult. 

Power Plant 

After the fluid leaves the buckets it will impinge on the 
walls of the channel, go to a collecting duct at the bottom or 
side, and enter the return piping system* The fluid will then 
be pumped from the return system into the high pressure system 
by means of hydraulic pumps. The pressure will return the 
accumulator-ram to battery position as the fluid is pumped into 
the high pressure  system* 
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Brake 

If & direct drive system is used,   the only moving sees 
which requires & brake ia the shuttle with its attached buckets. 
Because of the  comparatively light shuttle weight, a water braiss 
can be used to decelerate the  shuttle to standstill in a short 
distance,  say 10 feet.    The  design of the water brake would 
present no major problem. 

Retrieving Mechanism 

Retrieving the shuttle is a simple matter because it is 
not attached to a cable or piston. /, possible retrieving 
mechanism could consist of an electric motor driving an endless 
cable. The cable would have a dog attached to it; the dog 
would engage the shuttle and return it to battery. 

Air Compressor and Associated Piping 

An air compressor installation,  and possibly an associated 
high pressure piping system,  will be necessary  tc pre charge  the 
accumulator-ram (a).    However,   the  capaoity of  the  compressor 
system need not be large  since after the  initial air charge is 
placed in the accumulators,  addition is  required only to 
compensate for leakage. 

Miscellaneous 

The hydrapult may also require other miscellaneous devices 
such as an initial  tensioner,  a  runaway shot preventer,  and & 
pneumatic-electrical valve operating system.    None of these  is 
likely to present a serious  development problem. 

Qeneral gvaluatlon of the Hydrapult 

The hydrapult appears  to offer a promising method of 
catapulting heavy loads at high velocities.     The  component 
parts of the hydrapult are  of standard design and hence should 
require  a minimum of development.    Once a given hydrapult design 
proves satisfactory,  the  design oan be modified to handle 
heavier loads at  the  same  terminal velocity by increasing the 
area available for fluid flow.    A nearly linear relationship 
between oatapuit weight and dead load weight  is obtained for 
any given terminal velocity. 

By causing a number of  Jets  to play on the  shuttle at any 
one   time,   a  ratio of maximum to average acceleration nearly 
equal to unity can be obtained.    Por instance,  using six Jets, 
and using an initial accumulator pressure which is 1.60 times 
fie   final pressure,   a ratio of mak/av.  acceleration of 1.02 
can be obtained.     If only one   Jet is used, with the  same 
pressure  range,  a value  1.11  is obtained for the  ratio max/av. 
acceleration.     If a limit is placed upon the maximum aooeler- 
ation,   the   faot  that the average acceleration is  so nearly 
equal  to the maximum allows  the use  of a shorter accelerated 
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I Another advantage of the hydrapult it Its adaptability to 
launching planes of various weights*    T»«re are fchrs© obvious 
methods of adapting it for plansa lighter than the designed 
weights    One of these is  to render selected nossles Inoperative* 
This method alone would provide proparly only for plane weights 
some suhmultiple of the designed weight.    Another method is to 
reduce the initial gas pressure in the accumulator-ran*    Ibis 
method of adaptation might introduce considerable complication 
Into the valves* pumping* and piping systems if it were 
exercised over too wide a pressure range*    A third method 
is to reduce the nossle area*    Adaptation through reduction 
of nossle area would complicate materially the nossle design* 

Consider*  for example* a hydrapult designed to launch a 
dead load of 50.000 lbs* with six jets playing on the shuttle* 
If alternate nossles were rendered inoperative, a dead load of 
25*000 lbs*  could be launched at the same average acceleration 
and with but a small Increase in the max/av* acceleration ratio* 
By using 6* 5* k» 3# 2 or 1 of the possible six jets playing on 
the shuttle* loads of 50*000, L1.6C0.  33.1x00. 25.000, 16,660 or 
8330 lbs* respectively could be catapulted with the  designed 
acceleration and    an acceptable max/av. acceleration ratio*    It 
would be possible to use in combination with this method the 
method wherein the initial aoctwulator pressure is reduced for 
planes lighter than the maximum designed weight*    By selecting 
nossles as the major adjustment and varying the pressure as a 
minor adjustments it would be possible to launch a plane of 
any weight between 50,000 lbs* and 8330 lbs. with the designed 
aooeleration* 

A further advantage of the hydrapult is the possible 
variation of average acceleration along different portions of 
the accelerated run*    Per instance,  if for psychological or 
physiological reasons it were desired to have a lower average 
acceleration during the initial part of the run and then to 
increase the average acceleration in the latter portions*  the 
nossle areas and/or spaolngs could be easily designed to yield 
(within limits)  the desired results* 

DESIOS FACTORS 

In the investigation of hydrapult design and performance, 
a number of faotors must be considered.    The following, which are 
the more important of these factors, will be discussed one by 
one* 

1. Fluid Velocity Build-Up Time 
2. Jet Velocity versus Time Relation 
3. Ratio of Maximum to Average Acceleration 

Ao cumula t ozx'Rams 
Cavltation and Aeration 
Jet System 
Valves and Nozzles 
Power Plant 
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An important factor in the satisfactory operation of th# 
hydrapult la the time required for the fluid (driven by constant 
pressure} to approach its steady state vei&oitj after being 
released by a valve. The importance arises from the fact that 
the fluid from a given nossle can play upon the rapidly moving 
shuttle buckets but a short time* For example, if a shuttle 
having an effective length of 12 feet is moving with an average 
velocity of 200 ft/sec. during the time the fluid from a 
particular nosele plays on the buckets, the total time that 
the Jet from this noszle can exert an effective force en the 
shuttle is* 

t - 
12 
200 Ot.06 sec, 

Thus*  in order that the hydrapult shall conserve high energy 
fluid,   the velocity build-up time must be a small fraction of 
0.06 seconds. 

An applicable formula for the velocity-tire© relationship 
during the build-up period is given in, "Applied Fluid Mechanics," 
by O'Brien and Hickox, McGraw-Hill, 1937, pages 23J*. and 238.    The 
relationship is 

where v is the fluid velocity at time t seconds, v    is the steady 
state velocity,  g is 32.2 ft/seo.2, H is the effective head in 
feet,  and L is  the effective  length of pipe* 

For the purpose of determining numerically a representative 
velocity-time  relation for the velocity build-up,  the following 
arrangement will be assumed.    An aeoumulator-rum supplies fluid 
at high preesure  to a pipe with a nossle at the far end*    The 
pipe is assumed to be $ feet long and 7.66 inches in diameter 
(area 1*6.2 uq.in.) .     *ihs noszle area is taken as 7*1 sq.in*, 
and the velocity coefficient of the noszle, CT,  ae 0.98.    The 
accumulator preesure is assumed to be 1*000 psl, which correspond* 
to a water head of 9230 feet.     These assumptions correspond to 
a steady state velooity of approximately 115 ft/seo*  in the pipe* 
If the supply pipe is considered to be smooth and to include 
only smoothly rounded curves,  the friction drop throughout will 

•    -:-.,.--.• 
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be negligible  In comparison to th* bead of >230 fast.    Although 
the accumulator will be located below the nozzle,  the difference 
in elevation is negligible in comparison to the head.    Thus,  the 
only drop in pressure which need be   considered is  that in the 
nozzle.    Accordingly,  the steady state velocity is given by 

v8 « Cy y/2 g H « 0.98 yjz x 32.2 x 9230 « 755 ft/sec. 

1 

The effective length L of the pipe applicable in calculation 
of the velocity build-up is given by 

1 • h> % " s " 5& - °-77 "• 

where L_ is the pipe length, A_ the pipe area, and A^ the nossle 
area, thus the velocity-time relationship for the assumed 
conditions becomes 

*    w S H t v » v, tanh 
• L v- 

7« •..„* 32.2 x 9230 t 755 tanh 5.7? x ?&   * 

755 tanh(5ll t) ft/sec. 

The  following table gives calculated values of the velocity 
attained by the fluid at various  times after the  fluid was 
started in motion. 

t (in sec.) v (in ft/sec.) 

0.000 0 
.001 355 
.002 582 
.003 688 
.00k 730 
.005 7k6 

755 00 

The above  calculations  indicate  that if the  oontrol valve 
is assumed to operate  instantly,,   the   jet will build up to 91.1 % 
of its  steady state velocity in 3 milliseoonds,  and to 98.8 % of 
its steady state velocity in 5 milliseoonds.    This  indicated 
fast velocity build-up would be entirely satisfactory  for 
hydrapult operation.    However,  it would be extremely desirable 
to have experimental verification of the calculated values* 



Jet Velocity versus Tims Relation 

A constant pressure accumulator is not fe 
pressure -rill fall significantly as the volume 
delivered by the nozzle inoreases* Hence, the 
will nsv&i attain the steady state vclua corre 
initial pressure* Aftssr reaching a maximum at 
initial build-up, it will decrease thereafter, 
of this variation of jet velocity with time is 
evaluating the performance of the hydrapult. 
relationship will now be developed, after seve 
assumptions are made* mess assumptions will 
the  results significantly* 

asible;  the 
of fluid 
Jet velooity 

spending to the 
the end of the 
Consideration 

important in 
2h»  velocity-time 
ran, simplifying 
not influence 

Consider an accumulator-ram supplying high pressure fluid 
to a pipe and nozzle aa shown below* 

ACCUMULATOR 
PSSTON 

NOZZLE 

AREA  A„ -£3^ 

Initially the weightless piston is at the left-hand position 
shown;  the accumulator is  filled with a gas of volume VS  at 
pressure P^l  the pipe of area Ap is filled with fluid at rest. 
Upon release of the piston,   the  gas pressure acting upon the 
fluid through the piston will foroe the fluid out through 
the nozsle of area An.    As shown in a previous section,  the 
transient build-up time of the jet valooity will be small. 
3 to 5 milliseconds if the  initial pressure Pi  is high and If 
the pipe is not too long*    Since the transient build-up time 
is ssaall (5 % of the  total time the  jet is in operation)* it 
will be neglected in what follows*    During the time t the 
piston will move  through the distance x.    If P and V represent 
respectively toe  gas  pressure  and volume   corresponding to  this 
new position of the piston,  and if one  assumes  that  the  rapid 
expansion is adiabatic  (the   total flow time  is  less  than 1 
second), 

Vi * Ap x and P V* ?! Vl 
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Combining these  two equations* 

P 'V 1 * *p 
X)' Pl *1    • 

(A) 

. 

The actual jet velocity y« will be 

from which 

_  ^p dx 

(B) 

(C) 

where C is a constant. For water C » Cv -\/2g/0.14.34. • 12.18 Cy# 
where Gv is the velocity coefficient of the nossle, where P is 
in pal, and where Vj is in ft/sec. 

All friotional and inertial effects, with the sxoeption of 
nossle friction, have been neglected in writing the above 
relationships*    It has been pointed out previously that the 
neglected effects are  small*    Combining (A)  sand (0)  above leads 
to the equation 

(V-  * *, *,*/* dx - 1^ V^T^ dt . 

Integrating this expression* 

(k/2 • 1)  AD    x       >> 

k/2 + 1      C An   /     —fc 
_ V?x V,       t • K 
Ap 

where K is a oonstant of Integration*    Since x « 0 at t • 0, 

K 
(k/2 + 1) A 

{vx) 
k/2 • 1 

P 

I 

Inserting this  value of K in the preoeding equation* 

(k/'2 + l)Ap    J'      ^ AP lK/z * 1MP 

1 
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and solving this explicitly  for x. 

x « JL I C An(k/2 • 1} VPi V"!    t  + Vx 
A© j 

Differentiating with respeot  to t yields 

.k/2 + il
2/(k+2)     vx 

k? 

dx 2    1 
dt      kTSXJ 

CAn(l + ^vVl      t * VX 

J£+ 1 
2 

(1ET2 'V 

CAj^V^ 

I 

Bui from (B) 

Substituting the  above  value of dx/dt into this  and rearranging 
terms. 

1 -k/(k+2) 

In the  specific case for which  the accumulator gas  is air 
with k • l.i^..   the fluid is water for which C • 12.18 Cx.   the 
initial pressure  ?i is i4.000 psi.  and Cy is  taken as 0.98,   the 
last equation above  reduces  to   the following simply through 
substitution of numerical values* 

« 755   j" 1283 £2    t 
-  -0.ij.12 

Vi 
+ 1 

"Dais shows  the manner in which the  jet velooity depends upon 
time,   the  nozzle area and the  initial volume  under the   conditions 
represented by  the speciflo case.    If the axis of the nossle is 
inclined at an angle  8 with the direction of motion of the 
shuttle,   the effective velooity is given by 

r -, -0.iil2 

v< Cos S   » 755      1283 —    t «- 1 
Vl •eff J 

COS £ 

The  curve  on the following page  represents a plot of this 
equation,  v»ff versus Ant/Vi,  for the particular case where 
the  angle  £ is l5°*     Inspection of the  curve shows that within 
the pressure  range i+000  to 2500 psi.   the   jet velocity-time 
relationship is linear within a maximum divergence  of 2.3 %• 
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Ratio of Bftsjaai to Average Aegjlg ration 

In this section a simplified analysis of the maximum to 
average acceleration will be made for a typical hydrapult*     Bu= 
shuttle will be assumed to be 10 feet long, with six buckets at 
2-foot intervals*    The nossle spacing will also be  taken »• 
2 feet.    An accelerated run of 200 feet is assumed*    The  shuttle 
is assumed to be in such a position that the noxsles at 102f. 106. 
108.  110,  112 and lllj. feet are playing upon the buckets*    A step 
by step analysis of the required nossle area for an average 
acceleration of l>g and a foroe of 230.000 lbs*  shows that the 
nossle area required would be 4-52 sq*ln«  for the nossle at 
1014. feet and 4*70 sq.in. for the nossle at 114 feet.    Intervening 
nossles would require  intermediate areas*     Thus it appears  that 
a nossle area of say ij.*65 «q*in* would be satisfactory for each 
of the six nossles* 

When th# nossle at Hi; feet first plays upon the first 
shuttle bucket,   the effective  Jet velocities at the nossles. 
as taken from the  curve on the preceding page,  are: 

v114' 
Tll* ' 
*110 ' 
no8 • 
*106 " 
v10i*. " 

£ •eff - 3913 
After the shuttle  travels 2 feet,  the nossle at- 10ii feet ceases 
to play upon the last bucket on the shuttle*    At the instant 
just prior to this the effeotive  jet velocities ares 

v114 ' 
v112 ' 
v110 ' 
v108 ' 
•106 • 
v10l4.' 

V, eff 3762 

Since the nossle areas were  assumed to be equal,  and since 
the shuttle velocity in this 2-foot interval has changed only 
from 171*3 to 172.9 ft/sec*,   the  shuttle acceleration is 
readily obtainable  as  a function of the  summation of jet velocities. 

m 
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TW.B idealised acceleration versus distance relation is shown in 
the figure below. 

His 

I  

The   ratio of maximum to minimum aoeeleration in this 2-foot 
Interval is 

max/rein,  acceleration 3913 
3752 

1.04 

while the ratio of maximum to average acceleration for the 
interval is 

2 x 3913        ,  „„ max/av.  acceleration •»  „„  „       g   .     • 1.Q2 • 
3913 • 3762 

If in order to launoh a lighter plane, only ina nozzle were 
allowed to play on the shuttle at any time, the ratio of maximum 
to minimum acceleration would be 

725 max/min.  acceleration *» *sr » 1.26 

and the ratio of maximum to average acceleration would be 

2 x 725 
max/av. acceleration • —a——a- " 1«11 • 

725 • 574 
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It would  seam fron tha foregoing analysis   that highly 
satisfactory ratios of maximum to average  as eels ration would 
be feasible with the hydrapult, and that by proper nozzle 
control a wide variation in dead loads  could be  accommodated 
without resulting in a to© unfavorable  ratio of max/av» 
acceleration* 

It  should be pointed out that  the  above  acceleration ratios 
h&ve been calculated for only a 10-foot section of the aooelerated 
run*     Bio  ratio of the peak acceleration encountered within the 
entire  launching run to  the average acceleration for the  entire 
run will depend upon whether the  average  acceleration is 
maintained constant throughout the run*    The average   can be 
maintained constant by use  of unit accumulators*     Even were a 
large accumulator feeding many nozzles to be used,  the  average 
acceleration could be maintained constant by some means  such 
as proper variation of nozzle area*    If the average acceleration 
is kept  constant  the acceleration ratios  calculated above for 
a 10-foot section would pertain equally well to  the  entire  run* 

It should also be pointed out  that in order to minimize 
shock effects as  the   jets  change from bucket  to bucket*  it may 
be desirable  to stagger the bucket and nozzle  spaoings  slightly 
so that all  jets will not  change at the  same  time* 

Accumulator-Rams 

There are   tw» basic  types of accumulator -rams which might 
be used in the hydrapult*     These  two types are:-  (1) The  small 
or unit aooumulator-ram in which there is one small accumulator 
for each nozzle;   (2)  The large  or multiple nozzle accumulator 
where one  accumulator  feeds a number of nozzles*    It appears 
that the hydrapult would operate equally well with either type 
of accumulator*    The ohoioe  of accumulator type *rill therefore 
depend primarily upon the development of a satisfactory valving 
system and upon the  space available  for the  installation*    The 
unit  type   requires a large number of small  volume  spaces whereas 
the multiple  type  requires a small number of large volume  spaces* 
The unit accumulator will deliver a metered amount of water* 
The valves used will have  to open quickly,  but do not have  to 
close  quickly*    On the other hand,   the multiple  type  requires 
valves which both open and close quickly*     It may  also require 
some means of  reducing water hammer shocks* 

It is entirely possible  that with some modification the 
accumulators  used in airoraft hydraulic systems would be  satis- 
factory for a unit type  installation*    The multiple  type 
accumulator-rams might be similar to those used in die  casting 
machines such as  the modal I4.OO-A manufactured by the Hydraulic 
Press Manufacturing Company,  Mount Gilead,  Ohio,     'ftiis machine 
uses an 8000 cu.in*  nitrogen accumulator to obtain very high 
pressure  for die   casting work.    Calculations  show that the  total 
accumulator size is well within practical limits when air Is 
used ss  the  gas*     If the  initial air pressure  is  2^00 psi and 
the final pressure  is  1130 psi.  a Jj.0 x 10b ft.lb. hydrapult 
would require  a total accumulator volume  of 736 cu«ft* 



charge othe 
eneideration should bet given to the use  of a gas 
r than air.    If P<  and vS  represent the initial 

the  final pressure  aiui volume or the  gfis  charge.  Pa a**0* ¥2  **"• *•" 
pressure  and volume,  and k the  coefficient of aaiabatio 
expansion. 

„ k 
pl  yl    * ?2 v2 

Now the  difference   (V? - Vx)  is  Vd,  whore  V-,  is  the displacement 
voltaic which is  fixed for a given design*    hence 

(Pi/P2)1/'k V i " LCPa/PxiVg' 

and the  ratio 
Vo will depend upon 

are fixed,, the total 
the value of k. Thus 

Accordingly, if V\» 
aOCUSHllator   VOIUBMP   V«   NIH   uoponu   upuo   kiw   Tixut   vu    a.»      iuui 
if a  gas with a value of say k * 1.1 could be used instead of 
air,   for which k • l.q.,   the  total accumulator volume would be 
decreased by about 25 %•     There  is  some possibility of designing 
a gas mixture with this lower value of k.    The possibility 
appears worthy of further investigation.    An interesting article 
on this aspect of accumulator design is one entitled,  "Hydraulic 
Accumulator for Constant Pressure Operation," by Kurlovivs and 
3vindenkor,  Engineers Digest, Vol.  3,  No.  10, October 19U.6, 
page 5l6»    However,   the process  described in  this article  takes 
place over a comparatively long time and thus is  isothermal 
rather than adiabatio. 

It is also possible  to use steam near the critical point 
as the  charge medium.    Its use would reduce the accumulator 
volume  required.    However,   the  disadvantage of insulation, 
heaters, etc.,  seem to outweigh the  saving in accumulator size. 
Nevertheless,   the  possible use  of using high pressure,  through- 
type  steam generators as the hydrapult power source has 
considerable merit. 

In the design of the accumulator-rams and associated piping 
systems,   allowance must be made  for the fact that the forces due 
to the nozzle  reaction and due  to pipe bends must be   taken by 
the  accumulator-ran piping system. 

Cavltation and Aeration 

The affects of cavltation may become very important in any 
hydraulic system.  Thus in the design of a hydrapult, all 
components where cavltation might occur should be considered 
oarefuliy.  It would seem that the liquid sides of the ram 
surface and the Pelton type buckets on the shuttle would be the 
most vulnerable to cavltation effects. Further work would have 
to be done on this aspect of the problem. 
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Since  the  jet stratus leaves  the buckets  at a fairly high 
velocity,   considerable  air may be entrained in the fluid.     If 
this  air wars still  in the  fluid during the  succeeding shot, 
the  perfomanoe and effioiency of t.£w» nozzle would be  reduced 
grsatly.    It is possible  that if  the exhaust fluid were allowed 
to stand for a tine before  re-entering th* high pressure pumps, 
the entrained air would leave   the  fluid.    This might entail use 
of a larger amount of fluid than would otherwise be required* 
Other possibilities ars   the use  of centrifuges or heating to 
remove  the air from  the  fluid.     Further study on this aspect 
of the problem would also be  desirable* 

Jet System 

In the direct drive hydrapult,  the foroe driving the shuttle 
forv.&r'd is sxerted by jets playing on buckets attached to the 
shuttle«    The  character of the driving foroe will depend upon 
the nature of the  jet stream.    In order to insure a satisfactory 
jet stream,   the nozzles must be  carefully designed.    Calculations 
have shown that the nozzle exit disaster required will be between 
2 and 5> inches  depending upon the design chosen.    Sines the 
nozzles are not used to vary the fluid flow,  and sines nozzles 
with velocity coefficients of 0.96 have been built,  the noszle 
design ahould be along conventional lines.    Nozzles up to 12 
inches in diameter have been used in hydraulic turbines; and 
quits high jst velocities have been used.    For example,  in the 
Chandeline Plant in Switzerland,  there are  three Pel ton type 
turbines, each developing $0,000 horsepower and operating st 
a head of 571*0 feet.*    This head corresponds to a pressure  of 
2i|90 pal. 

The buckets should be of the Pelton type in which the jot 
Impinges on a sharp edge which splits  the  stream into halves. 
Bach half-stream then undergoes a change in direction of almost 
130* before leaving the bucket.    The buckets in present day 
Pelton turbine installations sustain impulsive forces of over 
100,000 lbs. and have satisfactory resistance to cavitatlon 
effects.    Thus the design of satisfactory buckets ahould not 
be  too difficult. 

The hydrapult shuttle  is a foroe  transmitting member only 
and can therefore be  fairly light in weight.    It must support 
the buokets and the bridle hook and be  capable of withstanding 
the forces involved.    The shuttle may also have attached to it 
certain simple mechanisms necessary to activate  the valvea 
which control the   Jets.     It may be necessary to of fact the 
deck slot from the  center line of the nozzles so  that  there 
is no possibility of a  Jet stream coming  through  the  slot* 

^"Handbook of Applied Hydraulics" - Davis, McGraw-Hill, page 617, 
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As the exhaust streams leave the buckets-   they will have 
considerable velocity.    It may therefore be necessary to use 
louvers of some sort in the  sides of the channel so that the 
fluid does not interfere with the  shuttle  or the  jet stresses 

For cold weather operation,   the  fluid used may be some 
liquid with a low froesing point and with the density for which 
the hydrapult was  designed.    Heatera may be used to warm %xpQt>*& 
surfaces  if neoessary. 

Valves and Koasles 

iSarly in the  considerations of the hydrapult it was realised 
that the turning on and off of the many jeta of water or other 
fluid must be  done  so precisely as  to make the  specif!oations of 
valves severe*    The valves must seal against high pressure when 
they are closed.    They must be positive in action, never opening 
at an undesired time and always opening at the proper time*    They 
must open quickly and completely,  so that the Jet of fluid can 
exert its full foroe on the shuttle for the proper length of 
time.    The flow must oease at the proper instant.    If the flow 
ceases ahead of time,   the  full  impulse will not be given to the 
shuttle.     If the  flow lasts  too long,  large  quantities of fluid 
will be wasted.     The enlargement of equipment required to handle 
and store  this extra volume  of fluid could beoo&e serious. 

The four major factors   that must be  considered in designing 
valves suitable  for the hydrapult are  listed below.    They will 
be  considered in order. 

1. Velooity ooefficient 
2. Pressure 
3* Timing 
4*  Cross-sectional area 

The valve must not reduce  the velooity of fluid flow 
drastically, either through causing turbulence  or the  intro- 
duction of oth&r restraints.    The  open valve should present a. 
smooth hole  of the  proper cross section through which the fluid 
oan flow*    while   design of a valve  which is satisfactory in this 
respect will certainly require  careful consideration,  it is 
certainly possible. 

The  pressure  at which the valves must operate   is well within 
the  range  of pressures now employed in standard engineering 
procedure. 

The  timing of  the movement of the valves  is a matter of 
great importance.    The  fluid flow must start as soon as  the 
first bucket on the shuttle  is in a position to intercept the 
jet,   and it should reach full momentum as  soon as possible. 
The  flow should cease  as  soon as  the   jet  oan no longer 
efficiently engage   the  last bucket on the shuttle*     Since 
the  shuttle  is not of great length,   the  time  ("on-tirae")   for 
which the  fluid flows  from a given nozzle  is quite  short. 

• •. 
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St is particularly short after ttsft shuttle reaches e high 
velocity,    The cn*«tias sen be coasted from simple kinemat.ie 
considerations.    Assuming the use of water as a fluid, 
assuaging a 10«foet shuttle with sis buckets sp&esd at 2»fa©fe 
intervals, and assuming a 200- foot run with a constant 
acceleration of kg!:.  one ebsains the ?alu*s shown in the 
t&bls bales* tar the on-times of noisles at different positions 
along the run* 

P&aitioa of nogsis 

0 feet 
50 

100 
150 
190 

k32 milliseconds 
100 
n 
^2 

Since the on-time is of the ot-dor of 50 milliseconds in 
seme instances,  it seems desirable  to uae  a valve which will 
open in 5 milliseconds or less.*    Valves having 5 millisecond 
opening timee a/5* apparently feasible in the pressure range 
desired*    The following Information quo tad from a letter dated 
26 June 1952 to Warren B. Snyder from M. B. states of the 
Chicago OSR office, indicates that eesaaerciel valves approaching 
uhe requirements of the hydrapult exist or can be made* 

1. "Atkomatio Valve Company.  Inc..  I4OO I. Michigan Arenas, 
Chi sago-    This  firs has available as stock items 1000 psi 
fast aeting valves in 1/2*   3A *nd 1 lnoii diameters* 
Representative prioe on the 1 inch valve is $250 each* 
They do not have information on the  speed of opening or 
closing except to claim th»t they are *very faatV    They 
claim that the A* 0. Smith GoMpany in Milwaukee recently 
tasted valves of this type, using 3000 psi hydrogen and 
found reliable lifetimes extending to 1 1/2 million 
operations *    Atkomatio feels that they could design and 
build a valve to meet your lj.000 psi 50 milliseoonde 
normally closed valve requirement." 

2. "Korman grjgineering Company*  2115 W. Marquette, Chicago* 
This firm is the Chicago representative for the Skinner 
Electric Valve Company, aorwalk, Connecticut•    They state 
that your requirements are oertainly within design 

for Armour Research Foundation for a 1200 psi  2 sq*  inch 
opening, 700 gal« mineral oil per minute application with 
a b millisecond opening and olosxng time but with a limited 
lifetime of about 1000 cycles*    Tasy stated that as*  .^q=issfc 
for pricing on development valves should be addressed t$ 
the home offioe of the Skinner firm." 

• •        *M  J A  4.1 J* «.  1 A^P 

is in the ready cos Ition* 
V4*D       OUW V - J.W       HUH I*      W4V      >UU W V^V 
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3* "Marine and Industrial product,* Company, llBO W. Marquette9 
Chicago*    Mr. Vincent McCaffery, Sale* Manager* advised 
that this fins routinely furnishes extremely fast eating 
large calves for AEC, many of which have specifications 
for up to £-0.000 operations per mlaute•    P&* MoCaf fery 
stated that he would be pleased to quote on the design of 
a suitable valve if you will furnish his complete 
specifications.    He is of the opinion that your require* 
seats would necessitate the use of an air assisted 
solenoid valve operating on 110 or 230 volts.    He felt 
that his company oould design and build valves to aeet 
your specification*" 
The  closing time of the valve should also be of the order 

of 5 millise«ondse   sist'ly to conserve fluid.    Since it appeasw 
feasible to construct a valve with a $ millisecond opening time, 
it would appear feasible also to design it with an equal closing 
time were it not for the fact that one would like to close it 
against a high fluid pressure*    This requirement will make the 
•issisp. difficult*    One way of avoiding the difficulty would be to 
meter by independent means the amount of fluid flowing through 
each jet*    The valves can then be closed easily and leisurely* 

Activation of the valves at the proper instant is highly 
important*    It must be done by tfc®  shuttle*    Satisfactory 
activation can certainly be accomplished, though it may require 
an undesiraole complexity of gadgets* 

This group has made no attempt to design an appropriate 
valve and control system*    It does wish to call attention, 
however,  to one possible method of controlling the fluid flow 
without using a conventional valve*    The method is simple sad 
has certain distinct advantages* but it also has disadvantages* 
The method consists of using a "trigger oap" to turn the fluid, 
jet on, and an accumulator to furnish a metered amount of fluid* 
When the motored amount has been furnished the Jet ceases, and 
the trigger oap can be reset at atmospherio pressure* 

The trigger oap might consist of a flat metal plate 
covering the end of the noszle,  one edge of the plate being 
hinged to a side of the nozzle and the opposite edge of the 
plate being latched to the opposite side of the noszle*    As 
the shuttle reaches that position at which a given jet should 
oome into play- a projection on the shuttle releases the latch 
holding the  oover plate in place.    The high pressure fluid in 
the nozzle pushes the  oover plate open,  and the  Jet operates 
until a mete red amount of fluid has been spent*    Some meohaaism 
will then return the caps to the  closed position*    This mechanism 
could be  controlled manually or activated by the  arrival of the 
shuttle at the end of its run* 

One of the major difficulties in such a system would be 
the design of gaskets which would not allow the  oap to leak 
when subjected to high pressure*    A hollow, flexible, 
pressurised gasket has been used successfully in similar 
situations*    A tabular gasket made of reinforced rubber is 
embedded in the faoe of the nozsle against which the oap fits* 
The  oap is closed while the hollow gasket is at atmospheric 
pressure;  the foroe  required would be  small*    After the cap 
is latched the gasket is inflated to a pressure slightly larger 

I 
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than the maximum pressure  to be exerted by  the fluid Inside 
the nozzle.    The Inflated gasket* if properly mounted, would 
provide a good seal. 

The raethod of controlling the fluid flow suggested abo^« 
has  several distinct advantages over the use of conventional 
valves.    It provides for quick opening and for a proper seal. 
It eliminates the  necessity of dosing and opening against a 
large pressure*    It is  recognised; however, that the method 
presents several difficulties*    Both the hinge and the latch 
which hold the cap on the no sale must be heavy.    Daahpots 
would probably be necessary to absorb the energy of the cap 
after it opens.    A reliable mechanism would be necessary to 
relatoh the oaps.    Alternate inflation and deflation of the 
hollow gaskets would have  to be provided for.    Many of these 
difficulties would be eliminated if a conventional valve with 
the required operating characteristics oan be made. 

The fourth consideration in valve and nozzle design is  the 
cross-sectional area.    The aggregate  jet stream area which must 
play on the buckets will now be computed approximately*    Let 
P (lbs.) be the  total force exerted on all shuttle buckets as 
fluid of density />(slugs/ft,3), aggregate area A (ft.2)* and 
jet velocity vj (ft/seo.)  strikes the buckets on the  shuttle 
which is moving with a velocity V-H (ft/sec).    Also,  let <5 be 
the angle between the direction ox  the  jet velocity and the 
direction of the shuttle  travel*    Furthermore, let it be 
assumed that the jet emerges from the bucket at an equal 
angle <S  • 

The force exerted by the   jet streams upon the  shuttle 
buckets is equal to the aggregate rate of change of momentum 
in the  jet streams.    Hence,  if there is no loss of stream 
velooity during oontaot with the bucket. 

F • 2 /» A Vj  (vj Cos S  - v^)   . 

If allowance  is made for an assumed 5 per cent loss of stream 
velooity during oontaot with the bucket,   the  force  la given by 

F » 1.95 />A vj  (vj Cos 8 - v8h)   . 

Thus  the  aggregate   jet area required is 

A «  I  
1.95/o vj  (vj Cos S  - v^) 

Consider a hydrapult operating between pressures  of I4.OOO 
and 2500 psi and accelerating a 50,000-lb.  load at Ug for a run 
of 200 feet.     The  aggregate  nozzle  area A  from which"fluid plays 
upon the buckets at any instant will depend upon whether the 

-'V*CT>,tj3«-» 
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assign employs  unit accumulators  or one large  accumulator.     If 
unit accumulators are employed the  jet velocity used to  calculate 
the  area should be  that corresponding to the  average pressure 
3250 pst.     Hie   calculated aggregate nozzle  area A ranges from 
17 sq.in,  at   the  start of  the  run  to 26  sq.in.  near the end of 
the  runo    If a single large  accumulator were  used the  jet 
velocity at the beginning of the run would be that corresponding 
to a pressure  of I4.OOO psi,  whereas  the velocity near the end of 
the run would be that corresponding to 2500 psi.    The  correspond- 
ing aggregate  areas range  from Ik to !+3 sq.in.     In either case, 
if  the aggregate  area were   divided equally among six  circular 
cross section  jets,   the   jet diameters would fall within the 
range frcaa 1.7  to 3*0 inches. 

I 

The operating pressure range   (p^ * U.00G psi and Pg • 2500 
psi)  for which these  calculations have been oarried out is not 
the optimum indicated by the equation derived in a  later section 
for the minimization of weight.    Larger nozzle diameters would 
result if the calculations were  oarried out  for the  optimum 
pressure  range, but even then they would be less  than 5  inches* 

Power Plant 

The hydrapult would require  a high pressure pumping system 
with a suitable power supply.    Indicated below are two  types of 
pumps,  one  small and one large, which are currently available. 
The  small one  would be  useful only with small unit accumulators. 
The  capacity of the large one is comparable to the  capacity 
required if but a single large accumulator is used. 

1. Dowty equipment Ltd.,  Cheltenham, England,  manufactures 
a small two-stage Vardel pump* which has the following 
specificationst 

5 spa 
ijooo psi 
3000 rpm 

13*5 lbs. weight 
65 % efficiency 

2.  The Worthing ton Pump Co. manufactures a large  pump which 
has  the  following specifications} 

21ij.Q gpm 
l|0O0 psi 
10,000 rpm 

6000 lbs.  weight 
63OO horsepower 

Thus  it  seems  that there  is  available  at  least one   pump  which, 
with some modification, would be satisfactory for hydrapult 
servioe. 

The ohoice  of power supply will depend upon  the  pump used 
as well as upon such  factors  as  convenience,  resistance   to battle 
damage, ease  of repair, weight,   simplicity and reliability. 

» "Applied Hydraulics," July 1952,  page 90. 
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Possible power supplies are  the e lee trie motor,   the  steam tursins, 
the gas turbine and the piston type aircraft engine«    From the 
standpoint of convenience,   resistance  to battle damage,  ease 
of repair,  and reliability,  the electric motor is the most 
desirables    The chief disadvantage of the electric motor io 
the weight per horsepower.    For instance,   the electric motors 
used to supply power to the present H-6  catapult weigh 20 
lbs/horsepower.    A 40 * 10° ft.lb, hydrapult firing at 3Q-seo. 
intervals would require about 7500 horsepower.    If 20 lb/horse- 
power electric motors were used the weight of the motors would 
be 150,000 pounds.    Possibly by using evaporative cooling 
techniques the weight to power ratio could be reduced to 4 or 
5 lbs/horsepower*    This would reduce the weight of the required 
power unit materially* 

If the high pressure  pump operates at a high speed,   say 
10,000 rpm,  gas or steam turbines might be used to advantage 
because of their light weight and their relatively high 
efficiency at high speeds. 

A  PROPOSED 40  x 10°  ft.lb.  HYDflAPUI/T 

% 

This  section will  deal with the general design of a proposed 
0 x 10& ft.lb* hydrapult oapable of accelerating a dead load of 

,0,000 lbs.  at 4g over a 200-foot power run.     This acceleration 
and run lead to an end speed of 227 ft/sec*   (155 mi/hr. or 
135 knots).    With a 30 knot wind over the deck,  this  speed 
corresponds to an air speed of 165 knots  (169 mi/hr.)•    The 
discussion of this proposed hydrapult will deal first with 
general features of the design,   second with the required power 
plant, and third with the weight of the  installation. 

General 

The mans  to be accelerated will  consist of a  dead load 
of 50,000 lbs*  and a shuttle with buckets of about 4OOO  lbs*, 
a total mass of 54*000 lbs*    Assuming that the friotional force 
is 14,000 lbs.,   the  jets must exert on the  shuttle  a foroe 
given by 

F « 54,000 x 4 + 14,000 m 230,000 lbs. 

Preliminary calculations have  indicated that an average 
accumulator pressure  of 3000 psi,  corresponding to a  jet velocity 
of about 668 ft/sec,  represents  a good compromise between 
conflicting fluid volume  and power plant requirements*     AS the 
Jet velocity is increased,  the  total weight of fluid is 
decreased,   but since  the efficiency decreases  the  size  of the 
power plant will increase*    A representative plot  of the 
variation of  these  two  requirements for a slightly smaller 
capacity hydrapult  is shown on the  following page. 
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Slnoe constant pressure operation is difficult if not 
imposeible to obtain, a pressure range from 4.OOO psi initial 
to 2500 psi final was selected* Oils corresponds to a pressure 
ratio of 1.6, With air as the working medium, and with an 
adlabatic expansion, the ratio of -final to initial volume will 
be 

Vl  L ?2 
1.6 

.724 14 

Step by step calculation* at one-foot intervals have shown 
that, using water as  the fluid,  a theoretical amount of water 
of 12,700 lbs«,  or 20h ou.ft.,  would be required.    It & 10 % 
increase for contingencies is allowed,  the total displacement 
water would have a volume of 224 cu.ft. and a weight of 
14,000 lbs.    From the  ottue  step by step  calculations,   the 
total initial air volume in the accumulators was found to be 
506 ou.ft.    At the end of the run,  the total air volume will 
be the sum of 508 and 224, or 732 ou.ft.    These figures cheek 
well with the quantities calculated from the more general 
development in Appendix A. 

Power Plant 

The pump capacity must be sufficient to force a volume of 
water equal to the  displacement volume,  224  cu.ft.,  into tfce 
high pressure accumulators.    The pressure against which the 
pumps must work is initially 2500 psi and rises to I4.QOO pel 
as the  accumulator rams are  returned to battery.    If a 30- 
seoond launching interval is used,  the volume of fluid pumped 
per minute will be 

Q 
22k x 2 x 1728 

231 
3350 gpm. 

Using 3250 psi as   the  average pressure against which the fluid 
must be pumped,  and assuming a pump efficiency of 85 %»  one 
finds that the power required is 

° o 3250 x 3^50 
Power - 0.000583 ~* m O.OOO583 A5        = 7470 norsasaiMki*. 

w tup 

•i 

The pump must be capable of delivering 3350 gpm against a 
maximum pressure of ifOOO psi. Two of the Worthlngtca pumps 
mentioned on page 22 would constitute an adequate arrangement. 

.. 
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Th* puap may be driven by any suitable prims mover.    From 
the   standpoint  of  oom'snienea  an electric asctar drive *»uld ba 
nost satisfactory.    However,  to produce an output of approximateIf 
7500 horsepower from induotion motors weighing even as littla at 
5 pounds per horsepower would require a motor weight of 37#500 
lbs*    If the saving in weight is deemed to  justify the added 
complexity, airoraft type engines or gas turbines weighing 
pexhaps 2 pounds per hor so power could be used.     Iheir use would 
reduce the prime mover weight to about 15*000 pounds* 

The  over-all efficiency of the hydrapult from prime mover 
shaft to kinetic energy of the plane would b« 

.6 
E 

Average power output 

Average power input 

2 x kO x  10    ___  mmt ^ 
x  ioo • -—2T . x 100 o 32 %  . 

7itf0 x 33*000 

Weight Bstimates 

The overfall weight of the proposed h.Q x 10° ft.lb* 
hydrapult will nov be estimated by considering Individually 
the probable weights of the components* 

Accumulator 

In later considerations having to do with the minimisation 
of the weight of the hydrapult,  an expression giving ths v*ight 
in pounds of a spherical steel accumulator of volume  V* ou.ft* 
and maximum pressure P^ psl is  developed on the ass\s@tion that 
a stress of 26,000 psl is allowable in the steel*    This expression 
(see page 31)  is 

Wt. • 0.026  P,   V • 

* 

I 
i 

The proposed hydrapult requires an accumulator of 732 ou.ft* 
volume   (see page   25)  operating at a maximum pressure  of 1*000 pei. 
Substituting those numerical values into the above expression 
gives the following weight for the accumulator* 

Wt.  - 0.028  x 4000  x ?32 » 82,000 lbs, 

The Worthington pump mentioned on page  22 operates at 
4000 psi, has a oapaoity of 2140 gpm,  and weighs 6000 lbs. 
Since  the proposed hydrapult requires a pump which will furnish 
3350 gpm,  it is reasonable  to suppose  that  the weight of this 
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larger pump will be given approximate1? by 

Wt. « 8000 HI2 • 12*500 lbs. 

Power Plant 

The proposed hydrapult requires a power plant of approximately 
7500 horsepower.    If electric motors weighing 5 lbs/horsepower are 
ussd, the weight of the power plant would be 

Wt. • 5 x 7500 • 37,500 lbs. 

Pipe  (Including Moaxles) 

In later oonsiderations having to do with the minimisation 
of the weight of the hydrapult, an expression is deduoed for the 
weight of steel pipe of density 1*80 Ibs/cu.ft.  and maximum 
allowable stress 26,000 psi which would be required for an 
installation operating at maximum pressure  P^ psi, having a 
fluid displacement V<j cu.ft.,  and providing a tennlnal veloeity 
vt-    This expression (see page 3^>)  la 

Wt.  « 5»0 x 10 -7 
h vd • 

This expression should provide an adequate allowance for the 
noszles also*    The proposed hydrapult operates at a maximal 
pressure  of 1*000 psi,   requires a fluid displacement of 22k eu«ft«, 
and provides a terminal velocity of 227 ft/sec.     Substituting 
these numerical values into the above expression leada to the 
following weight of the pipings 

Wt, 5.0 x 10"7 x 2272 x 1*000 x 221* 23,000 lbs. 

Control Bqulpmont 

The weight of the  control equipment needed is estimated 
as 10,000 lb». 

as 

Shuttle 

The weight of the shuttle. Including buckets, is estimated 
1*000 lbs. 

-. KvSbM&'&i •' 
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water Brake 

In view of NAMC Report M-5H0 entitled,  "Performance 
Analysis  for  the  proposed XC-7 Catapult," the weight of the 
water brake   required to stop  the  shuttle  is estimated aa 
5000  lbs. 

Retrieving Mechanism 

The weight of the  shuttle  retrieving mechanism is estimated 
as 3000 lbs. 

Air 

The air charge  in the  accumulator is assumed to be at a 
temperature of 120° P.     Since  the accumulator contains 508 ou.ft, 
of air (see page  25) at a pressure of I4.QOO pal,   the weight of 
the air is given by 

Wt. 
P V      I4.OOO x ll^k x 508 
R  T 53.3 x 580 

9,500 lbs, 

Fluid 

The  total volume  of fluid in the  system is  assumed to be 
twice  the  displacement volume*     The  displacement volume   is   22*4. 
cu.ft,   (see page   25)*     If  this fluid is assumed to be water, 
its weight will be 

Wt,   «  2 x 224 x 62.k » 28,000 lbs. 

Fittings 

The weight of fittings  is estimated arbitrarily as 
10,000 lbs. 

Contingencies 

An additional 10  per- cent  is  allowed for contingencies, 

U 

jg 
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fatal W«i«*it 

The estimated weights of the ooaponentf of the proposed 
hynrapuXt ar*  assembled in ths  following table* 

Bat las ted Weight 

Accumulator 82,000 lbs. 
Pump 12.500 
Fewer Plant 37,500 
Pipe  (including Sosiles} 23,000 
Control Bquipaaant 10,000 
Shuttle k,000 
Water Brake 5»ooo 
Retrieving Mechanism 3.000 
Air 9,500 

26,000 Fluid 
Fittings 10.000 

Subtotal 221^,500 

Contingencies  10 % 22.500 

Total weight 21*7,000 lbs. 

|. -- >_<**•   •-- 



30 
a«B 

i 

since the  choice of a numbsr of parameters enters isto the 
design of a hydrapuit,  It seems worti»*hile to examine  tha effect 
of tha variation of certain parameters on tha total weight of 
tha hydrapuit*    In this section,  therefore,   osrtain definite 
assumptions eonoerning tha design will be made and tha total 
weight will be expressed in the form of an equation.    The 
relation existing among certain parameters for the  condition 
of minimum weight will then be found* 

Tha  components of the hydrapult which will require 
oonsideration are assumed to be aa fellows: 

Spherio&l Accumulator 
Eigh Pressure Pump 
Prime Mover for High Pressure Pump 
High Pressure  Piping System, Including Hoaslee 
Air Charge in Accumulator 
Fluid in System 
Control Equipment 
Water Brake for Shuttle 
Shuttle 
Retrieving Mechanism 
Pitting* 
Contingencies 

A general expression will now be developed for the weight ©f 
eaoh individual component. The several expressions will than 
be added to give the total weight of the hydrapult. 

Expression for Weight of Eaoh Component 

In order to investigate the possibility of minimising tha 
weight of the hydrapult by proper selection of certain parameter*, 
it will be necessary to express the weight in terms of these 
parameters. The parameters chosen are initial preeaure, initial 
volume of the air charge in the accumulator, fluid displacement 
volume, and, in one instance, the terminal velocity. 

Accumulator 

The accumulator will be asaumed to be apherioal in shape. 
It can be shown that for tha same configuration and the sea* 
stress in the material, the total weight of accumulator 
neoesaary to contain a given volume is independent of the 
number of accumulators used.  One accumulator large enough to 
contain the necessary volume will therefore be assumed for the 
purpose of this weight calculation. 

For A  thin walled apherioal vessel of inside diameter D 
(or inside radius r) and wall thickness t subjected to on 
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interior pressure  Pi,   the  stress S is  given approximately by 

S * T"ST* If t 2t 

If the allowable  stress is  taken an 26,000 psi,  the  required wall 
thickness is 

t - 
r P* 
TT " 52,060 n • 

The weight of a spherical shell of inner radius r, wall thiokness 
t and density P is given approximately by 

*     k*r*P 
Wt. - fcwpV    - ^^55 Pi . 

But 

iftrr^ • 3 V 

where V is  the  volume   contained by a spherical shell of inner 
radius r.    If one substitutes  this in the equation for-the 
weight,   and assumes the material  to be  steel of density 
i*S0 lbs/ou.ft., hs obtains 

Wt. . |JLM2 r! V - 0.026 Pi V . 
s?.ooo     x 

These expressions are correct only for a  vessel with a 
vanishingly thin wall.    More rigorous expressions could 
be used*    They lead to a more  complex expression for the 
weight.     Since th«*  entire estimate of vaight la only 
approximate, and since at a pressure of LOCO psi the 
approximation used here  Introduces an error of less  than 
5 per cent,  the  added simplicity warrants  its use*    The 
approximate method yields a weight which is slightly too 
low* 
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ifi mtnrr m 
The equation for the w»i*it of the high pretawem pimp is 

baaed upon information aon«*emi»g a sigh pressure pv=5p 
manufactured by the Worth lag fees pump Company.    This p«|> 
(page 22) has an output pressure of I4.OCO psi« a oapaoity of 
2140 gpa#  and a apaod of 10,000 rp».    It weight 3000 lbs* 
An input power of 6300 horsepower is raquir^d 4x drive the 
unit* 

If a launching oyola of 30 seconds is assumed,  and if taa 
values of tha displacement fluid la ou.ft*  (vclvsss  of fluid 
through all tha nosslaa)  ia danotad by Vd*  tha following 
expression gives tha pump eapaalty required. 

2 Vd * 1728        .    ~ 
Oapaolty • ?«M • 14-95 Va gpn 

If the further assumption that tha weight of the pump is 
direetly proportional both to the capacity and to the pressure 
is made, one obtains the following for the weight of tha pump. 

14.95 Vd        Pi 
Wt. « 8000 x —£5^- * 555TJ 0.014 PX vd 

Prims Mover for nigh Ptajsaj^gej fwm 

The weight of tha  prime mover to drive   the  pump will depend 
greatly upon the type of prime mover chosen.    Although tha choice 
will bo determined by a number of factors,  a turbine drive would 
offer some distinct advantages if tha pump used ware one of high 
speed*    It appears that aircraft type gas  turbines having a 
weight to power ratio approaching 1 lb/horeepower may be 
feasible«    Ifee d000-lbe Worthington puma mentioned previously 
requires a prime mover of 6.K>0 horsepower.    As an approximation* 
therefore* it will be assumed that the weight of the prime 
mover is equal to the weight of tha pianp.    Accordingly, 

was m 

wt. - 0.014 FX vd • 

High Pressure Piping System,  Including ilosslas 

For a oyllndrioal pipe  of inside diameter D and wall 
thickness * subjected to an interior pressure p^,  the stress 
S is given by 

D Pi 

. 



If the maxiwo?* allowable sir*** i*> takeis as 26,000 psi*  f*» 
required wall thickness la 

The weight of a pipe of length L, inaid* diameter D and wall 
thickness t la given approximately hj 

#       w3*I«/o 
Wt. • t©feL/0    » fl^fo *1 

where /> is the density of the material. 

It h*» been assumed that the total amount of fluid In 
system is twice the displacement volume vd, If one easus** 
3o-8«oond interval between hydrapult ahott, and designs the 
piping system so that the maximum Telooity of fluid flow la 
100 ft/see*, he oan write 

5 z 100 
2 vd 

fienoe 

TT   D 2. 
4 Vd 

isfoo 

Substituting thia Into the laat equation above for the weight* 
aaauning that the pipe is of steel having a density of 480 
Ibs/eu.ft*. and performing the indicated operations, one obtains 
the following for the weight of the pipe. 

at. - 
4 x 480 L Pj Vd 

1500 x 52*000 • 2.5 x 10 -5 L PX Vd v px v4 

where 

L«  « 2.5 x 10 -5 

This expression is  oorreot only for a pipe with a vaniahlngly 
thin wail.    A mers rigorous expression could ba used.    It 
leads to a moro complex expression for the weight.    Sinee the 
sntire estisurte of weight is only approximatet and sinee at 
a pressure of 4000 psi the approximation introduces an error 
of only 6 per osnt,  the simplicity of the expression to which 
it leads warrants its uses    7b» approximates sethod yields a 
weight which Is slightly too low. 

-••- n . 



The length of pipe L will depend upon th* doslgn *tf torn 
hydrapult*    la particular* it will depend upon the ltng*& of 
the run| it will not depend approciably upon the design aseel- 
oration*    km A considered estimate,   1st it bo assumed that for 
a 200-foot run 1000 foot of pipe are required*    This amount 
should preTido an adequate allowance for the aosslas alse* 
Henoc* L* ~ 0*025 and 

Wt. • 0.020 Px Vd 

If in or dor to obtain a higher design U?ain&2 velooity *?ne 
uses the asm* assign aoooloration but a longer aoooloratod run* 
one oan argue with sons logio that the length of the pipe would 
bo approximately proportional to the square of ths  terminal 
reloeity.    Lev* it bo assumed- that thlo proportionality exists* 
Consistent with the assumption of 1000 foot of pipe f©r a 200» 
.foot run* the length of pipe required for any design velooity ?* 
obtained with an acceleration of I*g it given by 

L • 0*020 v*.* frost which L» - 5*0 x 10-TnJ 

Substituting this value into the expression for the weight, 

Wt. - 5*0 x 10 -7 plvd 

M 

Saphasie has boon plaoed upon ths dependence of pipe weight 
upon vt mainly for one reason.    The process of minimising the 
nydrepolt weight depends upon whether the weight is a function 
of the terminal velocity,    By way of example* it is desired to 
Minimise the weight both under the oonditlon where the weight 
is not a function of v*. and where it is a function of w^«    As 
will bo soon later* thl results are somewhat airferent* 

Air Charxe in the Accumulator 

fiis weight of the air in the aoounulator oan be calculated 
from the general gas formula*    If the temperature is taken as 
120" ?.*  the pressure as ?•% psi and the volume aa Vi  otuft*. 
the weight of the air is given by 

Wt. 
UeU> *i VX     lift is Vn 

- -ttJTT - gya x go • °-0<*7 h *i 

yiaid jfl the Systsm 

It has been assumed that the total volume of fluid in too 
system is twice the displacement volume vg* Assuming that the 
fluid is water, ons obtains the following for its weight* 

vrt. • 62*h x 2 y. L25 V, 
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Retaining Components 

The wei^its  of other components of the hydrapult will 
depone but little  if any upon the pressure  and volume  chosen* 
Some,   the  water brake  for example?  will depend upon the terminal 
velocity.     In ths  general case  these weights should really be 
expressed in  terns  of v*.  and any additional parameters necessary* 
2ie weights  of these  otner components are relatively small, how- 
ever,  and the manner in which they are handled will have but 
little effeot upon the  results.     They will therefore be  assumed 
constant, with ths values shown in the following table*    The 
manner in whioh the weight of  the pipe  is handled will serve as 
an example  of the  procedure  to be followed if one  should desire 
to express  some  of these weights as functions of vt. 

Component 

Control Equipment 
Water Brake 
Shuttle 
Retrieving Mechanism 
Fittings 

Total 

Assumed Weight 

10,000 lbs* 
5,000 
4,000 
3,000 

10,000 

32,000 

Expression for the Total Weight 

An expression has been deduced for the weight of eaeh 
component of the hydrapult.     The total weight of the installa- 
tion is   ;he sum of the  several expressions*    Thus, 

Total Wt.  » 0.02G  P1 V + 0.014 Pi Vd + 0.014 ?i Vd 

* 5*0 x 10"7 vt
2 px Vd + O.QOi+7 PX \ 

+ 125 Vd +  32,000     . 

The  total accumulator volume   V can be expressed in  terms  of  the 
initial air volume  V^ and  the  fluid displacement volume  Vd* 
That is,   v • V^ •  Vd.     if one eliminates V from tho  last equation 
above  and  collects  similar  terms, he  obtains   the  following* 

n        2 
Total Wt.   «   (125  + 0.056 ?1 + 5.0 x 10"'  vt     P})   V'd 

+ 0.033  Px vx + 32,000 

An addition of 10 per oent will be  allowed for contingencies* 
Thus  the  final expression for the weight of the hydrapult 
installation becomes 

Total Wt.  ••  (137 + 0.062 Px • 5.5 x 10~7 vt    Px)   Vd 

+ 0.036 ?x Vx + 35,000    . 

.~,,i^«'- 
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Minimisation of the Total Weight 

It la desired to minimise  the  total weight of a bydrepult 
installation designed for any specified terminal velocity*     In 
order to do this it is necessary that l'^ and Vg whioh appear 
in the expression for  total weight h« expressed in terms of 
other quantities.    Let R • ^\/^9*   cil* ratio of the initial 
to the  final gas pressure in ths accumulator.    Por an adlabatio 
expansion from volume V^ to volume  V2 

Fl vl P2 v2 * P2 CTX Vd> 

from which 

and 

1/fc 
R     'vx « vx • vd 

V, • 1 "    lA 
•T     - 1 

In order to evaluate V 
following expression (page 

it will be neosss&ry to use the 
)  which is developed In Appendix A* 

v* " * 1? to X   - 
reff 

In this equation M is the load in lbs., p the density of the 
fluid. Vfc the  terminal velocity of the load,  and vaff the 
effective  jet velooity.    It will now be necessary to determine 
the average effective  jet velocity to use in this equations 
Although the  calculation will be  carried out on the assumption 
that unit accumulators each supply only a few jets,  the results 
should not be greatly different were one large accumulator to be 
used. 

The manner in which the  Jet velooity varies with time has 
been considered earlier.    This  consideration led to the follow- 
ing relation (page 11). in which G • 12,18 cT where CT is the 
nossle   coefficient,   and in which A^ is the  nozzle  area* 

'J vf CA 
k+2 

n yTj, t   4-   V, 
J 
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Assvar&ing that c^ • 0^98 s knowing that v  -f « v- Cos*   In which 5 
is assumed to be 15°  (in wtiioh eaaa C » 11*9 and c  Qoa S   * 11.5)» 
and rearranging terms,  one  obtains 

-k/<k+2> 

%ff - U.5 V^ | U.9   «r   ^V£t + 1 

In order to find the average effective jet velocity during the 
tine interval t • 0 to t « T, during *faich the pressure changes 
from its  initial value  ?-± to  its final value  Pg * ?i/R* ©a* §**• 

• T 

dt     . AV.   V eff »J- eff 

Substituting the value of vmft given above, performing the 
integration,   substituting the limits, and Inserting the valu* 
k • 1*U$»  one obtains 

0.553 

AV,   • 

For convenience write 

AJJ T 
t   - 20.3 V5Pi —7J"   ' 

Then 

AV.   V 
19.7 V^i 

eff r • i 
Lu 

0.588 

- 1 

By evaluating the equation for v« on page  36  to obtain the  initial 
t • 0 and th«  final  Jet velocity vg at t • T, jet velocity v^ at 

one finds that 

(r • 1) « v2 

(k+2)A 2.^28 

Lv2j 

Furthermore, 

/P ^«v/li-vfT  . 
v2 -p2 

- . ..   . 
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Bono* 

(f • 1} - 

i>Js3A 

L*2j 
R 
1.214 

Substituting this value of (r * 1) and the oornspending value 
of r in the third from the last aquation on paga 37. on* finds 
that the average effective   jot Telocity is given by 

AT.  *tff • 19.7 >/*"£ 

The purpose of finding this average effeotivs  jet velocity 
has been to use it in caloulating Y^*    If the  value found be 
substituted into  tb_* equation for V* given on oaga  36. one finds 
that 

V. • . 
V 

La 1 - 
[H

1
*
2
* - l] 

19.7 v^i ,0.71i* •V' 
How that expressions for V,   (page 36)  and Vd (just aboTa) 

are available,  it is possible ts express the total weight of th« 
hydrapult installation in tanas of quantities which are suitable 
for inTestigating the possibility of minimisation.    The  total 
weight of the hydrapult (page 35) has been shown to be 

7      2 
Total Wt. •  (137 + 0,062 Px • 5.5 x 10"f  Tt    Px)  V^ 

* 0.036 PX vx + 35,000    • 

If the values of V.  and Vd are  substituted into this equation, 
one obtains for ths total weight of the hydrapult 

Total Wt. JL In 1 - '* C*1-2* • *j 
19.7 v*I [«°-m - lP. 

137 

7      2 1 
• 0.062 P.  • 5.5 x 10"' vt P,    4 0.036 P,  I 

1 -     1 A        0-711i 
R0'71* - 1 ! 

-J 

+ 35*ooo   * 

.-.-.. •    K«   1 -••-.;i--.. 
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Ihis expansion takes account of the faot tLat the weight 
of to* pipe required is a funotion «f rt«    A* painted out %m 
pages 33 and 34,,  t^« weight of tho pip* in glvan by 

wt« L«   ?x Vd 

where L*  « 0*026 for a 200-foot accelerated run. or L* • 
5*5 x 10*' v$* for any length of run which raauita in a ternlnal 
velocity v% «ith an acceleration iig»    these numerical values of 
L!   include the 10 per cent which was added for contingencies* 
In order that the minimisation of hydranult-weight dan be oarried 

• case, the tern 5.5 x 10*' r^ appearing in the out for either o\xz ror aiuior case,  tae lerei >«> x iu_«  T*- eppeenng io u> 
last equation on page 38 will be replaoed by Ls •    Thus the total 
weight of the installation becomes 

Total Wt. 2/° 
In 1 - 

T* . •*• »-l] 
19.7V?i[R0'm-l] 

0.03b P^ 
• (0,062 + L«)  ?i * Ro.71j» m 

137 

• 35,000   • 

It is desired to minimise this weight for any ohoaea 
terminal velocity vt«    Two interesting facts are obvious !*•*•» 
the equation*    Pirst,  the weight of the hydrapult ls directly 
proportional to the total mass II to be accelerated- that is§ 
proportional to the sum of the mass of the plane and the mass 
of the shuttle*    Second,  for any deelgn terminal velocity v* 
the weight of the Installation is an explioit funotion of taa 
variables Pi and R*    Thus, proper selection of these two 
variable a will lead to a minimum weight*    The minimum will 
ooour when 

d»i 
(wt.) and 

^R 
(Wt.) 

f 

simultaneously*    In order to find the values of r\  and R whieh 
make  these partial derivatives sere, one differentiates the last 
written expreaalon for total weight with respeot to P« and with 
respeot to R„ aeta eaoh derivative equal to zero, and solves 
the resulting two simultaneous equations for P\ and R*    The 
details of the solution are given in Appendix c4 page 83* where 
the solution has been oarried out for eaoh of the following 
oasest- (a) Por a hydrapult with a 200-foot aooelerated ?ua* 
regardless of aooeleration. in which ease L»  • 0*028{  (b) Por 
a hydrapult of any isrigiA run but an aooeleration of k§» in 
which case L'  * 5.5 * I0"» *t  •    Minimisation for the latter 
case will serve as an example of the procedure to be followed 
in case it is desired to express tin v*i°ht* of o**e or aore 
components as functions of v* as well as°of ?i and R* 
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Tables included in Appendix C give the values of P* 
iquired to minimise  the weight for various vaT««i of_ter 

and P. 

velocity v :t; The i^»uite Are somewhat different fot> the two 
cases mentioned above*    Tbe optimum values of Pi end H for each 
oeee ere shewn by the  curves on page ki. 

It should be emphasised that the equation for the total 
weight of the hydrapult ie based upon a seriee of assumptions 
about the several components,    if different design assumptions 
are sade,  the aamerieil values in the weight equation will be 
changed.    If rigorous expressions (for example,  those mentioned 
on pages 31 and 33)  are used throughout for calculating t&e 
weights of eosponenvB, the expression for total weight %?ill 
inolude powers of Fj, *&** *•*»* the first power*    Under these 
circumstances the minimisation it more difficult, but it can 
etill be carried through,.    The important conclusion ie that 
there will always exist for any design terminal velocity v* 
an optimum initial pressure ?,  and an optimum ratio R or 
initial to final pressure which will lead to a hydrapult of 
minimum weight*    The optimum values of P* and R corresponding 
to any terminal velocity whioh may be required in the foreseeable 
future are not impracticable* 

By obtaining the optima values of P« and R from the eurves 
on page 41* and using the equation for total weight given on 
page 39* it is possible to calculate  «*e weight of the minimus- 
weXsat-hydras-ult required to givt any a*sign load M any design 
terminal velocity 7»*    For example* let it be desired to 
aocelerate a 50,000-lb. plane kg in a run of 200 feet,  thus 
giving the plane a terminal velocity of 22? ft/see*    rrom the 
curves on page kl.  ?-> • 2k30 pel and R • 2*123*    Assuming a 
kOOO-lb.  shuttle, ana assuming a frietional force of lk.000 IbSo 
(which is equal to the force that would be required to accelerate 
an additional mass of 3»500 lbs* at kg), the total effective load 
M would be 57*500 lbs*    Calculation of the hydrapult weight from 
the equation on page 39* In which L'  • 0*026 in this instance, 
leads to a total weight of 183.000 lbs.    This figure for the 
weight of a mlniwunv-woight-hydrapult should be compared with 
the estimated wei^it of 2k?»000 lbs* (see page 29)  for a 
hydrapult designed to accomplish the same  job when operating at 
an initial pressure of i^QOO psi and with a ratio R equal to 1.6. 
It is clear that the weight of an Installation can be reduced 
materially by designing t^e hydrapult to operate at the most 
favorable values of P^ and R. 

The weights of minimum"weight-hydrapulta  to give an 
effeotlve load of 57,500 lbs.  terminal velocities of 100,  200, 
227,  300 and 375 ft/sec. have been calculated in the manner 
illustrated above«    Calculations have been made for the  two 
following oasesj-  (a)  For a hydrapult having a 200-foot 
accelerated run, the aooeleration being whatever is necessary 
to produce the specified terminal velocity;  (b) For a hydrapult 
having an acceleration of kg,  the length of the  run being 
whatever is necessary to produce the specified terminal velocity. 

• 

1 

•    . 
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5000 

Optimum values off? end R 
for minimum Total weight 

2.900- 
-*- 200 ft. run 

~°   Acceleration  4g 
2.400-* 

100 200 
vf      (ft/sec.) 

300 400 
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The Jesuits are shown by the curves on page k3.    It if important 
to note  that ttt  the higher velocities the weight of an installa- 
tion required t« produce a given terminal velocity is less if 
this higher velocity is acquired by increasing the acceleration 
and keeping the length of the run fixed than if it is obtained 
by using a fixed acceleration and increasing the length of the 
run. 

It should be pointed out that although the  curves on page U-3 
are  for an effective load cf 57*500 lbs.,  they can also b» used 
to determine  th« approximate weight of an installation required 
for any other load.    In the development of the expression for the 
weight it was assumed that the weights of certain components of 
the hydrapult remain constant and that they total 35*000 lbs* 
(See page 35* and recall that 10 per cent has been added for 
contingencies.)    If these weights actually remain constant the 
weight, Wt.g,  of a hydrapult for an effeotive load Mg would be 

Wt. 
M2 

• jp (wt.x - 35,000) • 35,000 

where Wt.^ is the weight of the installation for catapulting an 
effective load M< far which the assumed constant weights are 
presumably correct. Actually, as the mass of the load increases 
the weights of at least some of these components would increase* 
They might even Increase in such a manner as to be proportional 
to the mass being catapulted.  In this case one could write 

wt.2.-wt.x 

It is  of interest to  compare  the estimated weights  of 
hydrapults  for different  terminal velocities with the weights of 
other types of catapults.    Weight versus  terminal velocity data 
for H«*type  and C-type  catapults have been  taken  irom NAMC Report 
No.  M-ip05 entitled,  "Comparison of Hydraulic and C-Type Catapults," 
and dated October 191+3.     They are reproduced by  the  curves  on 
page I4I+.    On this page also are weight versus  terminal velocity 
curves  for hydrapults designed to catapult dead loads of 25*000, 
50,000,   100,000 and 200,000  lbs.  at various  terminal velocities 
attained with  an acceleration i»ge     The  second expression given 
above was used in calculating these weights.     Inspection of 
the   curves  shows  that the estimated weight of a hydrapult is 
comparable   throughout  to the weight of an equivalent C-typ« 
catapult.     Furthermore,   the weight  of a hydrapult inoreason 
no more rapidly with increases  In terminal velocity than it 
doss   for a G-type  oatapulto 
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SBSiHUg cyRys? of ffn^tf^ya 
The calculation of the performance curve (lead versus 

terminal Telocity)  for a given hydrapult depends upon th« 
method of calculation used in deteraining its designf  &» 
result is neoessarily somewhat approximate*    To simplify the 
calculations of performance, use is made hers of the assumptions 
described sad fe* PS suits obtained in Appendix A for an idealised 
hydrapult*    Prom the tabular results given (page 68)  la Appendix 
Ai( a ourve of hjdrapult load versus terminal velocity oan be 
constructed for either of two operating conditions, constant 
pressure or constant total energy input*    In the following the 
superscript -  shall refer to the value for the design load* 

Constant Operating Pr»s«ure 

At constant pressure the Jet velocity v« is constant for 
all loads and equal to v<°*  that for the design load*    The 
terminal velocity v+ is therefore proportional to the  quantity 
Vt/Teff given ln tin*  table on pegs W of Appsndix A as a 
function of the  load M.    In particular, for the hydrapult 
designated in Appendix A as Case A#* 

vt - 750 x 0.98 Tt/T#ff - 735 n/Teff **/••«• 

• k3$ •t/'eff knot-    • 

Por the hydrapult dosignsted as Case B*# 

vt « 695 x 0.98 ^tAeff * 681 rt/rmtt ft/«co. 

= H.03 *fcA*>ff icno-*    • 

The table on page 68    in Appendix A gives corresponding values of 
load M and the quantity ••/•eff for *°o*& oases*     The constant 
pressure is 3790 psi for Case A and 329P psi for Case B*    The 
calculated values of load M and terminal velocity Y\ at oonstant 
pressure are shown for both hydrapult• in the table on page !*£ 
and by the  curves on page 1+9* 

e Case A represents a hydrapult whioh will give a total load of 
100,000 lbs* an acceleration of 3*5g and a terminal velocity 
of 300 ft/sec. ln a 14.00-foot run*    It has 100 nosslss spaaed 
it. feet apart, and the fluid displacement is 2(20 cu.it*    It 
operates at a pressure of 3790 psi* 

Cass B represents a hydrapult whioh will givs a total load of 
50,000 lbs* an acceleration of i|.*0g and a terminal velocity 
of 227 ft/see* in a 200-foot run.    It has 100 noszles spaced 
2 feet apart,  and requires a fluid displacement of 162 ou.ft 
It operates at a pressure of 3250 psi: 



1,4 

Oonstsat Bneray Input 

At constant total energy input equal to that required f«* 
the design Xo*d£ ****• 3°* speed ** calculated fr©» !tM tabulated 
•alv» of *%/*•£+ corresponding to th* arbitrary loas M* CM sn« 
oaloulataa value of th» jet vsiooity ¥4 required to give the 
arbitrary load the specified oonataat energy input*    Using 
equation* 3H- and 35 of Appendix A, one finds that the constant 
total energy input B^    is given by 

H* Vj* P . ©I 11 TJ in C VW   * 

Likewise, one finds that the required jet velocity v4 is given by 

•    A* j» ^ (H» In [l « (•tAeff* 
• «   v i        J    v   M   m p -  <V*eff>] 

Incidentally, sl&o* the pressure P • iy*j # 

S  in Fl - (VfTaff' J 

This gives the pressure P required to furnish the constant 
energy input 5^* to the arbitrary load K. 

How the end speed v*. is given by  

.   /-• ln[l - (Vfc/v.ff)*] 
90s *     v •    v "W f*T?      /     /        f? 

J    v  •   In £l - {vtAaff*J 
vt " VJ Coa * 

*t 
%ff " Teff 

The table on page 68    of Appendix A gives for each value of the 
load M the corresponding value of v*A#rf •    Proa the equations 
above one calculates  the corresponding end spcads vt and 
pressures ?.     Inserting muaerioal values for the design load, 
one obtains  for the hydrapult designated e* Case A, 

6,57 x lcA (vt/^eff) 
v^ « ^     . _      .rrr^,-1-,;!^;   knots, _ 

•>eff> 

.-       r r   - r n liiwrernm 



and 

8.635 x 10- 
psi« 

1 - (vtAeffJ 

For til* hydrapult designated at Case B, 

3.78 x 10^ (Tt/T#ff) 

\A! 

knots. 

log 
i - < v%« > 

and 

2.865 x 10* 
P * 

M log 

pel. 

i - (V%ff) 

Tho calculated values of load M and terminal velocity •*, at 
constant energy input are shown for both hydrapults In the table 
on page k&    and by the carves on page lf9. The table also lists 
the corresponding values of the pressure P. 

The figure on page U.9 gives six performance curves* 
Curves Ap and B» are for the two hydrapults operating at 
constant pressure; ourvss A« and Bg are for the two hydrapults 
operating at constant energy input| ourves Cj  and C-Q are for 
the C-7 and C-10 slotted tube catapults, the only catapults 
of comparable capacity. 

One further aspeot of performance which should be investi- 
gated is the behavior of a given hydrapult for pressures too 
high or too low for the particular load, or for loads too heavy 
or too light for the particular pressure setting. While the 
.hydrapult does not possess inherent "phase stability," that is* 
the ability to speed up lagging loads or slow down those 
accelerating too rapidly, analysis shows that aoceleratios 
variations are very small and definitely delimited. For example, 
too light a load is accelerated more than planned for the design 
load, but the acceleration is rapidly limited to a value only 
slightly in exoess of that for the design loadj the end speed 
likewise is only slightly greater than Uiat for the design load* 
This limitation of acceleration, inherent in the basic principles 
on which an idealised hydrapult is built, is generally enhanoed 
In praotice by construction restrictions such as the time lag 
in valve opening. 

• • 



. ••:•-- -3g 

3 

s 

si 
I 

8000Q 
^cOt-vO.* 

*• TOMS 
3S|  USAA !WWS  8£$& 
^_^3     «*Vf*S?**^<*>     i^^^«»i      CVlMCVJ C\l 

*i   u\jff»%wN nOu^s p*-r-o-*ir, j#m<nc\jw HO 0 9* 
*T|    C\i =." rvj ftj c\s (MCViViHH HHHHH 3rir<ri^ H *4 H 

<MoS^t©*lA HflO^CMA Hr-^OiVN rtt-«*>ff»\ft C*P~«*}0* 
4*8    ©9*CMOcQ GOf-lt-~£>fi >6Yr>AAJfr.rf ^CXr-kCVI W WHHO 

^ I    W i-SHs-m HHf-«f-SH rtr4«»aH rtHHrtH H»-iHH 

tf 

OCQOO 
r-t«--^t»-9* 

X |      » * • *  » 
co 

OOOQO £§SS8  £S£RS  &8fc$ 
* * » * 

•HHWWfu     (vTcQcxTR*^     ml'V^^L*    iS^AWA    >oS 
a  «  » 

la 

R$&$s s^aas §§8|s g 
• »as f3sSS sssSS s 

i ISSSI 

II 

4» 

CO»*\CMAO 

• I   CM fd CM 8 w 

X | 

f-O CVIJ> j/» 

aasHH" 

<JDHP-«">CO 
9»<J*COCO r— 
H.HHHfl 

CM\AO*CM«4) 

HH 

lAHr- 

r4r4ri 

O 5 

CVJ 

3 

OQOOO OQOOO ooooo o 
^BONQ rtwt^jfrt *33^n^ *•> 
f9.^9»\/\\ft    r-ruocvcy    c>'u\*o.^80     o 

J5*o^5r-t—    t-«oco9»cf    qHHwn 
H HHHri 

O 

O 
o 

Vi 

^ 

O <J^C0 f—sQ 

• * • • • 

O ff*CQ f—O 

•     6     •     • 

UN_^C%C\iH 
rOsCVilMlM 

OOOOO  OOOOO  OOOOO  OOOOO  OOOO 

H »*wW»*£ -. -  * 



49 

iOO 150 200 

TERMINAL   VELOCITY    IN    KNOTS 
250 

• 

. 



:W£* 
. . 

•—Wl-    ^.   !•    Mil 

A3 described earlier  for an idealised hydrapult,   the  basic 
d 
tional 

the 
square  root of the pressuree    Prom the  corresponding values of 
M and Vfc/Veff given in the  table on page 60 in Appendix A, 
terminal velocities can be calculated for arbitrary variations 
of load weight and pressure from design values.    The end speeds 
in knots for variations of 10 per oent and 20 per oent in either 
direction for both weight and py«§sur» are given ir. the following 
table for the hydrapult designated as Case B.    Por this hydrapult 
the design load is 50,000 lbs.,   the  design pressure  325>0 psi,  and 
the design end speed 134»4 knots* 

Pressure P in pel 
«—a—a—MMB—TI«I • i i SB— 1 

H in lbs* 
2600 90*n ej f ^ W 325Q •%onn 

40,000 132.3 140.3 147.9 155.1 162.0 

45*ooo 125.8 133.5 140.7 147.5 154.1 

50.000 120.2 127.5 134.4* 141*0 147.2 

55,ooo 115.4 122.4 129.0 135.3 141.3 

60,000 111.0 117.7 124.1 130.2 135.9 

It may be noted that even in suoh an extreme oase as a 
20 per cent overload with a 20 per oent low pressure setting, 
the terminal velocity is but 18 per oent less than the  design 
value; or for a 20 per oent underload with a 20 per oent high 
pressure  setting,   the  terminal velocity is only 21 per oent more 
than the  design value.     In general load weight variations and 
pressure setting errors will be  considerably leas than 20 per 
oent,  and the effects on terminal velocity will be  quite small. 
Thus neither "runaway" nor "cold" shots are inherently likely 
to occur exoept through groaa errors  in operation. 

» Ibis represents  conditions  for  the  design load,  pnsssure  and 
9tni. speed. 
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YALVgs ASP NQZZI3S FOR EXTRAPOLATED DESIGN 

It Is of inters at tc determine whether the  valve and nozzle 
requirements  for a hydrapuit become prohibitive  as  the hydrapuit 
design is extrapolated  t-e higher  terrains! velocities.     Ine 
principal factors  that must be  considered are pressure,   fluid 
on-timeo,  and nozzle areas* 

The optimum initial pressure  Pi  and the  optimum ratio R 
of initial to final pressure   (Pi/??7 for a specified terminal 
velocity vt can be obtained from toe curves on page I4.I-    Values 
for four terminal velocities are shown in the following table, 
both for the case of a oonatant 200-foot length of aooelerated 
run and for the  case of a constant aooele ration of i^g. 

200 ft/sec 

227 

300 

I4.OO 

Constant Run 
of 200 Feet 

!i R 

2130 psi 2.123 

2*30 2.123 

3270 2*123 

1*820 2.123 

Constant Aosel- 
eration of Ug 

£l 
2250 psi 

2U30 

3020 

1|120 

R 

2.165 

2.123 

2.005 

1.855 

The terminal velocity of IjOO  ft/see.  is sufficiently high to 
cover reasonable  future requirements.     It  corresponds to the 
velocity attained in a 200-foot run with an aooeleration of 
12.4g,  or to that attained with an aooeleration of lf.*0g in a 
621-foot run.    The pressure required for minimizing the weight 
of a hydrapuit having this terminal velocity is not unreasonably 
highe 

The  time  for which any particular Jet  flows would beocae 
rather short for a terminal velocity of I4.OO ft/sec.    A 10-foot 
shuttle  (effective length 12 feet)  traveling I4.OO ft/sec. would 
be  acted or,  by a given Jet for only 30 milliseconds.    The 
desired Jet on-time is therefore at least approaching a lower 
practical limit.     It is  only  six times the   time  required for 
the  Jet stream to build up  to 98 per cent of its maximum 
velocity.    Extremely quick acting valves would be  required to 
insure  satisfactory operation and conservation of fluid,     ihe 
on-time could be doubled by doubling the length of the  shuttle. 
At such high speeds a longer shuttle may be desirable  for other 
reasons also. 

,.   . 
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Consideration % of the  required n<v%sle ureas if  somewhat 
more  involved*    Have rt he less,   certain approximate ealoul&ii®*^ 
oar* be made*    It has been shown (page 21)  that the aggregate 
nossle area k from «&!& fluid of density /> must play upon the 
shuttle buckets in ord*r to exert a force '? is given by 

A •* 
1»95^ Vj (V^ cos S   - t^) 

and S where v* is the jet velocity. v8A the shuttle velocity, and 
the angle between the direction of the jet Telocity and the 
direction of travel of the shuttle* The quantity (v. con S   ) 
has been designated as v#ff. 3inc* v,s arid hence v0^ vary as 
the pressure decreases during discharge of the accumulator* a 
question arises as to what jet velocity should be used in 
oaloulating the nossle area. The value will depend upon whether 
one large accumulator or a group of unit accumulators is used* 
Calculations will be made on the assumption thst unit accumu- 
lators are used* It has been shown (page 38) that the average 
value of v#ff for an adiabatic expansion of air from a pressure 
Pj te • pressure ?,/R is given by 

Teff * 19'7 V^i 

,0,714 

H1'2* - 1 

Using this with appropriate values of P, and R obtained from the 
table on the preceding page- &n& assuming an angle S of !>** the 
following values of Vj and vftf>f. have been calculated for various 
specified values of terminal"velocity v, 
given in ft/see* 't* All velocities are 

200 

227 

300 

400 

Constant Run 
of 200 Pest 

ll Teff 

449 434 

480 463 

555 536 

670 647 

Qona tant Ac oe 1- 

u Teff 

458 41*2 

430 463 

54^ 525 

650 626 

--_,••'..-- • r--*Ait^^c 
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Assume a load consisting of a 50,000-lb.  plane, a 4000-lb«. 
shuttle,  and a frletlonal fore* of UfsOOO lbs*    If one assine** 
the use of unit accumulators and use a the above value• of • « 
and v^* to calculate the largest aggregate nozzle ar»*a (those 
near la* end of the run) required for various terainal veleoities 
attained with accelerations a and accelerated runs s, and if ose 
assumeR that this aggregate area is divided equally aeong six 
noszles playing simultaneously upon the shuttle buckets, he 
obtains the  jet diameters D given in the following table* 
Velocities are given in feet/sooond,  distances in feet, areas in 
square inches and diameter* ixi inches* 

i* 

Constant Run. 200 Peet 

It *&    £     2 
200 3*1    66   3*8 

227 4.0    77   4*0 

300 7.0   114   5.0 

400 12.4   158   5.8 

Constant Acceleration* k& 

s 

155 

200 

350 

621 

A 

78 

77 

71 

59 

D 

4*0 

4.0 

3.9 

3.5 

The table shows that if a hydrapult Is designed for the 
values of P,  and R which lead to a minimum weight,  the voquired 
noasle diameter does not increase too rapidly with increases in 
terminal veloolty even in the case for which the length   »f the 
run is kept fixed.    In oase the acceleration is kept fixed, the 
diaaster actually decreases slightly with increases in terminal 
velocity*    The decrease results from the faot that the  optimum 
PT  increases as the terminal veloolty inoreases* 

It should be emphasised that these estimates of nozzle area 
are based upon the assumed use of unit accumulators, in which 
case the average  Jet veloolty is  the same for all notsles regard- 
less of their locations along the run*    Were a single accumulator 
to be used,   the  jet velooities near the end of the run would be 
lower (due to the doorcase of pressure)  than these near the 
beginning of the run*    Areas of noasles near the end of the run 
would therefore be correspondingly larger than those near the 
beginning of the run*  and also larger than those which are 
required if unit accumulators an* used*    For example, with a 
single accumulator and a terminal velocity of 227  ft/aec,   the 
diameter of the largest nozzle is 5.2 in., whereas it was but 
4.0 in.  for unit accumulators and the same  terminal veloolty* 

A3 



COWCLUSIQMS 

In this report the University of Kansas group suggests a 
possible multi-jet driven catapult- herein referred tc as a 
hydrapult, and discusses the feasibility, general features of 
construction, and performance of such a device* Although 
oonsiderations of the hydrapult are necessarily approximate, 
certain signifleant oonolusions are warranted. They will be 
stated briefly* 

1* Basic;ally the hydrapult consists of a series of high 
pressure fluid jets distributed uniformly along the 
catapult track.    These  jets Impinge upon a series of 
Pelton»type buckets attached to a moving shuttle.    The 
jets SJN> controlled so that they flow only while engaging 
the shuttle buckets.    The thrust upon the  shut tit is in 
general provided by a series of jets acting simultaneously 
on the shuttle;   there is sufficient overlapping of jet 
Impulses to provide a continuous thrust. 

2. flae general design features of the b&sio components of the 
hydrapult have been considered individually.    Most of the 
components are of fairly standard design end should require 
a minimum of development work*    Certain flow-versus*time 
characteristics of high pressure jets and of quick opening 
valves need further investigation before accurate designs 
can be made.     The valve problem would require an appreciable 
amount of development work* 

3. It appears feasible to build a hydrapult having as large 
a capacity as will probably be required*    The weight of a 
hydrapult installation for a given capacity appears 
reasonably low*    The weight does not increase too rapidly 
as the design is extrapolated to higher terminal velocities. 
As regards the weight of the installation and the rate at 
which the weight increases with design terminal velocity, 
the hydrapult is quite  comparable  to  the C-type oatapult. 

If. The basic design of a 1^0 x 106 ft.lb. hydrapult has been 
considered in eoms  detail.    This hydrapult would aoeelerate 
a 50,000-lb.   airplane  at i|g and give  the load a terminal 
velocity of 227 ft/sec   (135 knots)  in a run of 200 feet. 
The weight  of the major  components,   accumulator,  pumps, 
prime movers  for pumps,  pipe,   control  equipment,  shuttle, 
water brake,   retrieving mechanism,   compressed air, fluid 
and fittings,  is estimated to be  2L?,000 lbs.    Some 
optimism may have been exercised in estimating the  weight. 
but  it is felt   that the  figure mentioned is attainable. 
A separate  study of weight minimisation indicates  that a 
more  Judioious choice of operating pressure and expansion 
ratio would lower the estimated weight of this hydrspult 
to 183.QO0 lbs.    The over-all efficiency of the proposed 
4.0 x 10° ft .lb. hydrapult is 32 per cent. 



$• The choice   it operating pressure affects the weiejbt of ft 
hydrapult installation 5*a two ways*    For a given input- 
energy, the use of a higher fluid pressure results la * 
85»*!l**r volume of fluid being required,, and henos la ft 
smaller total weight.    On the other hand,   the higher fluid 
pressure, producing higher jet velocities?  results in ft 
lower efficiency.    These two competing effects oos&iae to 
dictate en intermediate operating pressure which will lead to 
a hydrapult of minimum weight for a given terminal velocity. 

6* A general study of weight minimisation has been made*    Tbft 
total weight of a hydrapult installation has been expressed 
in terms of the initial operating pressure  ?i and the ratio 
R of initial to  final pressure,    those values of Pi  and R 
whioh lead to a minimum value of the resulting expression 
for weight have been determined by appropriate mathematical 
methods.    Curves showing the optimum values of P*  end R 
for different design terminal velocities have beta obtained* 
Curves are shown (page 41} for two oasess»  (a) Per ft 
hydrapult having a 200-foot accelerated run, end whatever 
aooeleration is required to produce the specified terminal 
velocitys  (b)  Por a hydrapult having an acceleration kg end 
whatever length of run is necessary to produce the specified 
terminal velocity.    Tha minimisation that has been carried 
out has been largely by way of example.    The  specific results 
obtained will depend upon the manner in whioh the waists of 
such components as  the pipe,  the control equipment,   th# 
shuttle, the water brake,  the retrieving meohsaiaa and the 
fittings are  judged to vary with tamln&l velocity.    The 
specif io results of the  example presented here are quali- 
tatively correct over the entire range of end speed ooa* 
sideredj  they should be reliable quantitatively up to ead 
speeds of 250 to 300 ft/see.    Beyond this speed the obtain- 
ing of reliable results would necessitate a more  thorough 
evaluation of the weights of certain components in teras 
of terminal  velooity. 

7. Inoluded in the report are curves which show the weights of 
hydrapults  to give a 50,000-lb. plane  various terminal 
velocities,   the hydrapult being designed in each instanoe 
to operate at the optimum values of p1  and R.    Hydrapult 
weight versus  terminal velocity  curves are  shown (page k3) 
for each of the two oases mentioned in 6. 

8. Performance  curves  (load versus  terminal velooity) for the 
hydrapult have been calculated both for constant pressure 
and for constant energy input.    These curves  (page k9)  are 
similar to  those for the C-10 end  the C-7  catapults. 
Investigation has  shown that although the hydrapult do&s 
not possess inherent  "phase  stability," operation with 
loads and/or pressures as much as 20 per cent higher or 
lower than  the  design load and/or pressure will net cause 
objectionable variations from the design acceleration and 
terminal velocity.    The variations are definitely delimited. 
Neither "runaway" nor Heold"  shots are likely to occur 
except through gross errors in operation. 

• 



9. The hydrapult offers a number of dlstirct advantages; and 
has some disadvantages* Sons of its advantages are: 

a* It is a direct drive catapult, and therefor* not 
subject to the limitations introduced by the use 
of cables.  If it is desired* the hydrapult can of 
course be used as a cable drive catapult up to those 
velocities for which the limitations of cable drive 
become prohibitive* 

b* It provides A good card factor, if uniform aooeleratlon 
is desired*  If for psychological or physiological 
reasons an acceleration pattern other than that 
corresponding to uniform acceleration should be 
desired, the hydrapult has a sufficient number of 
variable parameters to give any reasonable acceleration 
pattern desired* 

c* The hydrapult has an unusual amount of flexibility 
which allows adjus tenant for different loads and 
different terminal velocities*  Practicable changes 
in the number of nozzles in operation and/or in the 
operating pressure are sufficient to accommodate 
for a vide range of loads and end speeds* 

d* The hydrapult uses fairly standard components*  Only 
a few, in particular the quick acting valves and the 
mechanism for controlling the valves, would requii^e an 
appreciable amount of development work.  The only con- 
ceivably intricate mechanism in the installation is 
that associated with the valves and their control- 

e* The hydrapult has no critical parts subject to 
excessive wear or to failure as a result of fatigue* 
This is in contrast, lor examolo, to the sealing 
strip in any slotted tube catapult* 

f« The hydrapult uses ship power, a highly desirable 
feature.  No serious problem of logistics is 
involved* 

g* The hydrapult has a reasonable weight for a given 
capacity, and the total weight doss not increase 
too rapidly us the dosign is extrapolated to higher 
terminal velocities. 

Some of the disadvantages of a hydrapult are: 

a* It has a fairly heavy shuttle, a characteristic 
feature of direct drive catapults. The shuttle 
weight will certainly be greater than that of the 
H-type catapult, probably somewhat greater than that 
of the C-type catapult* probably somewhat smaller 
than that of the steam catapult* and certainly 
smaller than that of any possible eiectropult* 

ir?JWi£mv^^i?-'^^*^.::--:r^\^<i^'^^kZ=:   •,•>.- -.-*-- 
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b«  The hydrapult would introduce  a considerable   top-nlcle 
weight,  again a characteristic feature of direct drive 
catapults.    However,  the amount of top-side weight 
introduced by the hydrapult is probably leas  than 
that for any other type of direct drive installation 
of equal capacity. 

0*  Tlie  fact that the hydrapult requires high pressure 
accumulators and piping is a disadvantage.    However-, 
the high pressure accumulators are no more serious 
than in the  case of the H-type  oatapultj nor are 
the high pressure accumulators and piping any more 
serious  than they are   for the  steam  catapult# 

d.  The  large volume of fluid required represents a 
disadvantage  for cold weather operation.    The  fluid 
will either have  to be  some  antifreeze  solution,  cr 
it will have to be protected from free sing by 
auxiliary heating. 

10e  In Part 19  "General Report."  the University of Eansae group 
has expressed the  conviction that major development  of 
cAfcjtpui^ti j.ur viio xuwui*« Bjieuj.ii i«j uii-«ui>«u ^niuarixy 
toward direct drive  catapults.    The group believes  that 
the hydrapult may prove to be one of the  two most promising 
direct drive devices,  the other being the  steam catapult* 
The  steam driven catapult is already a practicable  device, 
though a r;reat deal of work will be required to extend it 
to terminal velocities required in the  future.    Simultaneously 
with further development of the  steam catapult,  th«i  group 
recommends serious further consideration of the  advisability 
of development work on the hydrapult. 

• •*-si^*h^:.e^.te>-v:.-*-.--•.-*****.••*:-•••••••• 
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APPENDIX A*     GEOMETRICAL CONSIDERATIONS OF AW flnwAT.TZEp HyPRAPULT 

The geometry of a hydrapult,  that is.   the  spacing and else 
of the nozzles,   is determined by the acceleration pattern* 
capacity,  and terminal velocity iesired, and by  the pressure 
available•    When the geometry has been established,   then the 
performance,  fluid requirement and efficiency are all easily 
determined.    To illustrate   the  relationships among  these 
quantities, and to calculate  several nozzle sizes for hypothet- 
ical hydrapults, an idealized hydrapult may be defined as in 
the  following  treatments 

Consider a system  consisting of K nozzles equally spaoed a 
distance b apart}* there will be nozzles at x * 0, b,  2b,   ...   * 
nb,   •  •   •   •   ilf-ljb.    Let the  nozzle areas be AQ,  A^«   A?'   •   •   •   • 
An,   •   .   •   • AH.Y respectively.    Let the nozzles be  inclined at an 
angle   i to the Horizontal.     Finally,  let the   jets impinge on a 
single bucket on the shuttle,  the height of the bucket being not 
less than    b tan l ,  so that just as  the bucket leaves one   jst 
it enters the next. 

Equation of Kotion of the Bucket 

Consider the bucket struck by the  jet from the nozzle at 
x * nb.    The problem may be treated as one of collision, in whieh 
energy and momentum are both conserved.    Let the incident  let 
velocity be w«,  the return jet velocity wr,   the fluid density />, 
the  total shuttle mass M,  ead the shuttle velocity v;  let the 
angle between the return stream and the line of shuttle  travel 
be 0»    Neglecting the conversion of some kinetic energy into 
heat through friotional losses,   the  conservation of energy leads 
to the first of the  three following equations.    The conservation 
of momentum leads  to  the  second and third of  the  three equations 
regardless of  friotional losses« 

2      1 2      M - <*• 
?Anwn/"'n   -SAn«n/>*r (1) 

An 
wn p *n oos * 

dv •A„wn^wrooiMM- 

An **p wn sin *   - An wn p wr sin 0    . 

(2) 

(3) 

Equation (3) may be solved to give 

sin 0 
wn sin £ 

l 

* Units are not specified in this  theoretical  treatment.    Equa 
are  written in such xovra that any  consistent  system of units 

«»»On« 

'-".j 
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froa which 

ML ess 
V 

0 - J*T
2 - wn

2 sin2£ <fc> 

Proa •quation Cl) 

dv      *n wn/>  .     9 9. 
H v dt * —2* (Wa   " ¥r >    • (5) 

Prom «quations  (2)  and (4.), 

M rLm hi *nP **n eou*   + vV* " wn2 sia2*   } 
dt ' 

(6) 

Eliminating M ~ and raapranging,  cne  obtains  ths  expression 
dt 

*ft   I *r   . w   00s $ * Vw * • wn
2 «i»Z«*      * (7) 

2 • n 

2 2      / Since  in general (w„    - tf-")  pi 0* equation (7)  n*y be  solved to 
yield n 

2 - w 2 • k • (wn 00s <r - •) (8) 

2 9 
Substituting this value of  (w„    • w    }  into (5)* one obtains the 
following for the equation ofaotieft of the bucint.     This 
equation holds within the  range nb < X < (n+l)bc 

dt « 
(wn oos i   - v) (9) 

Integration of the Equation of Motion 

Let the tins at which the bucket arrives at point x 
and the velocity with which it is moving at that time be 
designated as 

» nb 

V  m  v. and 

i 
... 

• 
ill 

IB 
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As  the bucket arrives at point * » (n*l)b. 

* "• Ta*l aKd t • V B*l 

Than toy integration of equation (9)  between these limits, ess 
obtains  the following expression relating the velocities at the 
toe ginning and the end of the tiae interval* 

Wn   <JOS £ • •n+l • ("a **- S  " (10) 

By integrating equation (9) twioe between the tins limits 
oorreaponding to the tinea of arrival at successive Jets, one 
obtains the distance b between Jets* Thus, for n • 0, 1, 
2, . • • • S-l. 

b - wn ees S  (tn+1 - tn) 

(wa eos 5   - va3  M 
2Anwn^ 

• ••    •• ' « 

i - e 
w - V - 

<ii) 

M and all valuea of wn and A. given for n • 0, 1, With b, 0*  M and all valuea of wa ana A-, gxven ior n » u,   i,   .   . 
•   • H-l; these relations determine bucket (shuttle; velocity w 
and tins at each nossle station.    The initial velocity rQ is to 
be  taken as aero*    The  teminal velooity and total time are those 
at the end of the H-th section,  that la, vR and tv respectively* 

Note  that  these  two seta of relations involve variables of 
several kinds.     The variables  N,  Kx*/>$ $   and b &re  determined 
by the installation and configuration*    The velooity u    is 
determined in part by the Installation and configuration, but 
alao in part by an experimental variable,  the pressure   P.    The 
quantity M is determined by the  load*    The V s and t's are 
dependent variables,  subject, however,  to the following 
conditionst-  (s) v» is the terminal velocity v*., which is 
determined by load requirementsj   (b)   The  acceleration must not 
exceed a apeolfied maximum* 

Consider M,/=>, 5* b and M fixed.    There  remain five  sets o 
- t„).     These five sets o i ;ixs< 

variables, wa, Vn+1* vn, An and (t^^ - «n 
variables are not independent; they are related by equations 
(10)  and (11)*    In general one might suppose it possible to 
assign arbitrary values to three of these and calculate the other 

i 



two froa equations (10) and <1X}*    That this is not generally 
posaibia may ba  shorn la the following manner*    Write 
Up » (*«*i » %a)f end substitute aquation (10)  twioe la aquation 
(11) •    fhia reauita in the aquation 

U. (• 
b • XL. HM ooal 

»•! " *n> 
wa aoi s - va 

^ aoe * - Tn+1 

whish aay ba written In the foxsi 

w_ ooa S - v. 
In 

rn*l • •. 

*n ooa t - Ta+i " wn coa S - h/u^ 

If •. XJ   v    «•  *    end U_ ara  chosen arbitrarily,  this  transeamdenfcai 
equalten specifies the value of wn*    tt» quantity J^ nay then be 
oaloulated froa aquation (10) in tfcr   * 

(12) 

(13) 

the form 

M »n ooa e   - vn 

An"2"n/>bnlnwn^»^  " fn+1      ' 
(Ut) 

However,  like many transcendental equations*  equation (13) has a 
non-trivial root only in speolal oases.    Define the  symbol 

rn*l - •• 

*n     wn ooa i  - Tn<>1 

so that (15) 

wn ooa i - wM • 
'n*l - v. 

And define the symbol 

*n+l - b/0ft 

** " *n*l " T» 
(16) 

Then equation (13)  becomes 

to (1 * °n> " X*^B»      • (17) 
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.-.. The  roots of this equation are  distributed as  followst 

. 

f 

...L_.BIUI.Jlla Ml   IIMMMMMCW 

0 < hn < 1/2 

ba - 1/2 

1/2 < b^ * 1 

15= •»-.__.  * * « 

0, plus a positive root 

0 

0(  plus a negative root 

0 

Since  from equation  (15)  0„  is obviously positive, equation (17) 
has a physically useful  solution only for 0 <c 1% < 1/2.    Thus 
there are  restrictions on the  allowable  values of  »n+^#  •a ar«ci 

b/%. 

e 

Simulated Uniformly Aooalerated Linear Motion 

Suppose  that it is  desired to approximate  uniformly 
accelerated linear motion by requiring v and t to have  at eaoh 
nossle  station looated at x • nb the  values  they would have  if 
the  aooeleration were  oonstant.     It is easily shown that this 
requires  that for n » 0,  1,   2,   •   •   •   *  N, 

- 

v£~& b v£~ 

and 

n 
y/Lk (vn*l - yb ) (18) 

in which a is  the hypothetical acceleration (actually the  space 
average)*    In terms  of  the   terminal velocity Y», 

2 

Now from equation  (16), 



—- K*M 

6'j 

Vx2 a b -yfa+1 - 

*n 
>/£-£ ty/sn - v&) 

A 
V^~aTb (\Ai+l - v^) 

(20) 

vfo+i - vfi 

But for h,. « 1/2.  0n • 0.    Hence,   It la impossible  to build such 
a device  which will produce  a uniform  (constant)   acceleration* 
Only  the  trivial  case of no acceleration at all oan approximate, 
in these  terms, the  corresponding uniform acceleration.     It is 
still convenient to retain the restrictions given in equation 
(19),  that is,  to retain something approximating uniformly 
accelerated motion insofar as  the velocities are  concerned.    The 
calculated time  intervals will then determine fluid volume, 
efficiency, etc. 

Geometry of a Constant Jet Velocity Hydrapult 

Consider now a simple  case  in wnich all  jets have  the  same 
velocity w.    Equations  (10) and (11) will then determine  the 
various A- values and the   corresponding Un values•    By 
substituting equation (12)   or (13)   into equation  (34),   one 
obtains,  for n * 1,   2,   .   •   .   •  Ji-1, 

K  cos* 
2f> b In 

cos h   - v^ \^f 

w   COS  S   -   V^   yjn^L   "   w   COS $ 

"1 
(Vn+1 - \^)       .(21) 

From this  one  can calculate   the   desired nozzle areas for a given 
configuration,   load and terminal velocity.     If the  jet velocity 
w is  adjusted for different desired terminal  speeds  so that 

•1 
w  cos i \fjti  W   COS £ 

constant. (22) 

then all  loads  of the   same mass  M will use   the   same   track 
regardless  of  the  desired end speed.    However, and unfortunately, 
it  is not  possible   to adjust  the   single  parameter w to accommo- 
date  all variations  in both vt and M.  nor even to accommodate 
variations In M regardless of*v+;.     It might be possible  to allow 
for small variations  in M by maintaining the quantity  M oos£ 
constant,   that  is,  by tilting  the  nozzles.     Perhaps  two  tracks 
with  different spacing b and variable  on/rie  & might be  feasible. 

Now for  tills  same  special  case  one  obtains  from equation  l\?\ 
for n • 1,  2,   .   .   .   .  N-l, '* 

» 

b 
u n 

w  cos &   - 

In 

v1  (vfc+1 - Vh) 

w cos &   - v*   y/n 

w cos 8   - v^ vn+1 

(23) 
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From equation (9)  one  can   calculate   the acceleration at the 
beginning °^ each ata^e   (an),   and  that at  the end of each stage 

»n 
(w cos h   )2 I vl VS"^ w coa S   - v,  \*i 

-fa. 1X. - -r-    In 
b L        »OMfjL"woo«i   - vx V^+l 

a„'  - n 

vr cos S 

(w cos &   )Z 

(21+) 

v± yfn+1 j w cos S   - v-± \/n 
1 - .' | ;ln 

L w coa 5 j w coa ^   -  vx \^+l 

•l  (yii+I - •&) 

w coa <5 
[25) 

Calculations  of i^,  U^   a^ and a^'   for seleoted values of 
n have been made  for   two hypothetical  cases.     3xa   confIgurations 
chosen for the  two   casos have  the  following 3pecification3| 

P 
100;  b •= 
Y792  D3i 

;• feet;   cos 5   * 0.98;  w = 750 ft/aec; 
M =   100.000/R  slu«8 

20ij..i> nph; /> = t>2.;> lbs/cu.Tt.;   g 
: v* » 300 ft/aac. 
= 32.2 ft/aeo.2; 

average  acceleration 
14-19.6 cu.ft. 

3.^9i+g;  fluid displacement 

Case 3:    N • 100; b *  ? feet;   coa 5 * 0.98; vr «= 691+..9  ft/aeo.; 
P • 3255  psi;  M • 50,000/g slugs;  vt - 227 ft/sec. * 
154«0 mph;p m 62.5 lba/cu.ft;  g « 32.2 ft/aec.2; 
average  acceleration «= i+.OOOg;   fluid displacement • 
162.2 cu.ft. 

The  calculated values  are   shown in the   table   on the  following 
page. 
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Performance of the Constant Jet Velocity Hydrapult 

Suppose now e track la designed to give simulated uniformly 
aeoelerated linear motion to a dead load of mass M*, with 
terminal velooity vt° and jet velooity w°.  It ia now necessary 
to determine the behavior of different loads on this ease track* 
more specifically. It la necessary to determine whether w can be 
varied in a a oh a way aa to give any arbitrary mass M an arbitrary 
terminal velooity vt.  It la to be noted flrat that in any case, 
the space average acceleration a ia given by 

a - vt
2/2 N b 

i 

•• 

lie nee,  if there exists a limiting max inner value of this  space 
average acceleration, then there  alao exists for a given 
catapult configuration a limiting maximum value of v^ which la 
given by 

*t(max)  " V2 N b a^      . 

In practice, since there will be fluctuations in the acceleration, 
the allowed limit for vt may be somewhat lower than this. 

The relation between the two cases now under oonsideration 
arises from the faot that the same configuration has been uaed 
for both; although the jet velooity w may be different, the two 
have the same values of N, b and AJJ.  Suppose the hydrapult has 
been designed specifically for a load of mass M° and terminal 
velocity vt°. Prom equations (19) and (21) one obtains, for 
values of n • 0, 1, 2, • . . • N-l, 

*n- 
M° COS i 

2/5 b 

1 - \£~ 

In 
\M w* cos S 

1 - ^+1 
y/H w° cos I 

- - (v^+i * V") 
\^r w° oos s 

(26). 

But also, for any load of mass M, from equations (12) and (Ik) 
or equation (21), one finds that for values of n » 0, 1, 2   J 
• o 1T"1, 

• 

1 

3 



SWH 

67 

i 

M   COS j  | 

~2 P V 
r i - 

•• n 
w  008 <S 

In 
vn+l -   TT 

1   - 
fn+I W  CCS a 

w   00S£ 

(27) 

If An is eliminated from equations   (26)   and  (27),  one obtains 

M* 

1 - V^ 
•t° 

vir w* oos $ 
ia  ^ 

__      1 • ^b+i     ' "-» '   • — 
^Tw* cos «F 

- (vS+I - vfc) 
V^T w*   3*»S & 

ac 

In 
V  oos <? 

*n»l 
w @os 5 

rn+l -   T. n 
W   OOS <J 

(28) 

Now,  if one writes out equation (28)  for n • 0, noting that •- » 0, 
substitutes the  result  in the equation fop n «  1,  and repeats the 
process for successive n values,   it is  found that,   for n » 1,   2, 
if       S       s       »      3      By 

i»* 

•: 

Me 
v* 

In   i - vfi"-^—•' •  ' r vH w° oos § 
* y/n 

\/N~W°   COS & 

In 1 - 
w  cos S __       w COS S • 

J 
(29) 

Note first that equation (29) enables one  to  calculate  the 
value  of Tn/vw oos $   )  at each    stage   (that  is,   at x • n b where 
n • 1,   2,   •   •   e   •  H)   for the  arbitrary load on the  standard track. 
Note  second that equation (29)  for n • N enables one  to calculate 
the required value  of w to  give  the  desired vt » va.     Thus 

In 1 - 
•t 

w cos $ 
*t 

M 

w  oos & 

r 
In 

w* cos S oos S (30) 
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The  track was designed fop M°,  Tj*indw8,    By solving the 
transcendental equation   (30)   on*  obtains   the   appropriate   Jet 
velocity w required to give  the   desired arbitrary  terminal 
velocity v*   to tie  desired arbitrary load N ©n this  ssa*  track* 
For computational purposes,  it  it  simpler to calculate M*/M 
for specific values of v^/\v cos I )•    The  table  below gives 
calculated values of H (in lbs.)  for arbitrarily selected values 
of the  quantity v*j/(w cos $ ),  for the  two  tracks previously 
designed and designated as Cases A and B en page  64«    Case A 
represents a traok 400  feet long with 100  jet nozilss,   designed 
for a load ©f 100.000 lbs.  and a terminal velocity of 300 ft/see* 
(204*5 spa) i   it has a  jet velocity ©f 750 ft/sec.  corresponding 
ideally t© a pressure   (p • ^w*/2)  of 3792 pal.    Case B represents 
a track 200 feet long with 100  jot sosaies,   designed for a load 
of 50.000 lbs.  and a terminal velocity of 227  ft/sec.   (l54«8 mob); 
it has a jet velocity of 694*9  ft/sec.   corresponding ideally to 
a pressure  of 3255 psl* 

W   OOS4 

0.50 
0.49 
O.48 
0.47 
0.46 

0.45 
o*44 
o.43 
0.42 

0.41 
0.4082 
0.40 
0.39 

* 

Case A 

60,240 
63,460 
66,900 
70,570 
74.500 

78.710 
83,220 
88,070 
93,290 

98,910 
100,000 
104,990 
111,560 

Case B 

18#670 
19,670 
20,740 
21,870 
23*090 

24,390 
25,790 
27,300 
28,910 

30,660 

32,540 
34.580 

u 00* «f 

0*33 
0.37 
0.36 
0.35 
0.34 

0.3333 
0.33 
0.32 
0.31 

0.30 
0.29 
O.28 
0.27 

118,690 
126,430 
134,050 
144.030 

Cast*  B 

36,790 
39,180 
41.800 
44,640 
47.760 

5o,ooo 
51,170 
f^.920 
59,060 

63,630 
68,700 

80,650 

The  table  includes no calculations for values  of v*./w oonS 
greater than 0.5; higher values might give  lower efficiencies* 
However,  since it is  the  total  integrated efficiency  that  is 
important,   larger  values might be  feasible.     (See  later  section 
on efficiency.) 

- 
It is obvious from the table that a track designed for a 

given load may still be suitable for a wide range of different 
loads, provided first that the desired end speed does not 
impose an unaooeptably high acceleration for a track of constant 
length, and second that the required jet velocities for heavier 
loads and higher terminal velocities do not require unacceptable 
high pressures. For the same average acceleration, 3»494g» one 
finds in Case A the following consistent combinations! *m 
* w cos S  * v^«.* 
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— 
M • 60,2^0 Iba. K° * 100,000 lb§; 

w « 612,2 ft/s©c#       we * ?$Q ft/sec* 

P » 2527 psi P'    • 3792 psi 

w • 3?ij,»e ft/s*©» 

p • $157 Pit 

jt_ 
In GaM  B,  for an average tootleration of k.OOGs,  on*  finds th* 
followingt 

M • 18,670 ib». 

w • I|.63o3 ft/see. 

P - U&7 pat 

M° » 50,000  lbs* 

w° « 69U..9 ft/seo. 

P    - 3255 pel 

M « 80,650 lbs. 

w - 857.9 ft/aeo. 

P - 4961 psi 

If higher aooelerations can be  tolerated,   then higher 
velocities say be considered.    For a given load on a given 
track, w ia directly proportional to v^;  P is proportiaaal to 
the  square of v*. 

In order to calculate   the volume  of fluid required and $b» 
over-all efficiency of the hydrapult, it is  convenient to assvaat 
"perfect cutoff," that ia,  to assume  that each  Jet is open only 
while   its  stream impinges on the bucket.    Under these conditions 
the volume  V„ used by the  jot of area A-  is given by 

: 

' 

Anvut 

Equation  (11;)  say be   solved  to give 

(3D 

M 
w cos S   - v_ 

In wm        • eVM • n      2/5 w  oos 5   • vn+^ (32) 

The  total displacement  volume V4 of fluid used, with perfeot 
cutoff,  is given by 

N-l 

I 
n-0 

va    * (33) 

From equation (32)  one   then obtains  the  following expression  fop 
V4*    This expression holds  for cay load and any terminal velooity. 

M w  cos 5   - vx 
d 2/0 w cos 5 

M 
2P 

In 
r 

1 - 
n 

w  oos <§ (34) 
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In calculating the  over-all efficienoy  on an energy basis 
it is   to  be  noted  that the   Jet velocity w is   the  same   for  all 
jets,    'The  onergy input Bj  is  therefore  given by 

-1 
1 
2 -/°

Vd w* (35) 

: 

The energy output  is given by 

BQ - i« *t (36) 

I 
1 

- 

The efficiency £ is therefore given by 

iMT.2 5 •* *   2  Vfc< 

r l^Vw2      «2in|i   
?• w 00s * 

(37) 

Note  that  i is  a maximum for 

" v^tw cos $   )  • 0.715 (38) 

The corresponding maximum value of the efficiency is given by 

• 

B^^ •   0.815   COM2 &       • (39) 

It  is  interesting  that  the  total or integrated efficienoy  is 
greatest for a jet velocity considerably less  than twiee   the 
terminal velocity.     It would seem advisable  to design the   traok 
and jet nozzles  to give  this maximum efficienoy for the  load 
most often encountered. 

Now consider the accelerations for a load different from 
the standard load for which the track has been designed. For 
an arbitrary load,  equations   (2I4.)  and  (25)  become 

• 

- 
•n 

(w  COS d )' 1 - n r W   COS  &    -   V 

w  cos S  J 
In 

n rn«-l  - V] 
w cos S   - v n+1 w 00s S J 

(UO) 

% M 
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(UX) 

(w   oof S ) 2 r 
i « 

rn+l 
w  cot i 

W   OOS ii     -   "T, V 

In 
n*i a 

w co* S   • v n*l w  eon tf 

• 

For the  particular  track with standard load M°  one obtains a^ 
and a^1 • by tubstituting w° for w and •%• v~ * •fc* WV* tor 
vn in these aquations*    Combination of aquation (^B)  with 
equations   (liO)  and (u.1)  yields 

I      SSI 
Pwl^ M 

*n 
M° W OOS <S 

M 
il - 

fl - 

V""^t* 
  
VN w oos a- 

vn+l 

M° H OOS i 

M 1 
11 - 

v^l vt° 

*n (1*2) 

I o (1+3) 

Vff w   COS d 

In order to determine  aotual values of a^ and a^   the 
transcendental equations  (29)  may be  solved for* the •«. values 
and then these  values may be inserted in either equations   (J4.O) 
and (kl)  or in {l\Z)  and  (1+3) =    However,  some   conclusions may be 
drawm from equations   (if2)   ana (u.3)   without  detailed calculation* 
For the smaller  values of n, where  the  larger variations in a^* 
and an" °  from their  space average  are  observed,  both •$/( 
and ••;• i/a/iy/H w oos b )  are very small relative to unity, 
to  a good degree of approximation. 

'A oos i ) 
Hence 

. 

! 

n 
rwj2 £ p and 

rw 
'^^/ 

i2 
ill 

H 
1 o 

n (kk) 

Since  at constant vt  (and hence  constant  space  average  accelera- 
tion)  w2 is  approximately proportional  to  M,   the various  accelera- 
tions  are not changed greatly by changing the  load,     ihe several 
accelerations  increase with the  square  of the  terminal velooity, 
since w is  proportional  to v*.  at  constant load mass. 

Rewriting equation    (42)   for n+1,  and  then dividing by 
equation (43)»   one  obtains. 

* •ntl' or •n+i   _ V 
a < 
*n+l *n I  3 (1*6) 
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The  first part of equation (1*6)   shows  that  the  ratio of  the 
fevoolerations at the beginning of s,ae  section and at  the end 
of  the  previous  section is  independent  of both mass  and terminal 
velocity.    Since the  results shown for both Case A and Case  B in 
the  table  on page 65 indicate  only relatively slight fluctuations 
in these  accelerations,  no further calculations rmed be made  for 
other loads* 

It may be concluded  that a hydrapult  doaigned for most 
efficient operation with  the most commonly encountered load 
may also be used for other loads,  either heavier or lighter, 
and with different  terminal velocities, by proper choice  of 
the   jet velooityo     The  jet velocity desired may be obtained by 
selecting the proper pressure*     Furthermore,   the acceleration 
will exhibit almost the  same nearly uniform pattern in all oases* 
Also,   the effioienoy will not decrease unreasonably as  the  load 
changes*    Finally,  it appears  that extrapolation to  very heavy 
loads and high terminal velocities is entirely feasible*     The 
real limitations are the  length of the power run possible,  the 
allowable maximum accelerations  and the  allowable maximum 
pressure* 

Considerations on Variable  Jet Velocities 

How consider briefly the possibility of using nozsle designs 
which    sake  the  individual Jet velocities wn variable  in some 
convenient way*     The  simplest and probably  the most reasonable 
way would be  to have each wn * fnB, where f„ is determined by 
the  construction of the n-th nossle  and its input  system,  and 
where 5 is a single  constant for all nozxles,  a constant 
determined by M and v^*    Such an arrangement is physically 
possible*     Toe  question now arises, how shall the  quantities 
wn,  or B and fn,  be determined? 

An obvious choice would be  to require   that  the  efficiency 
in each stage  shall be  a maximum*     It is easily shown, however, 
using equations   (12),   (Uj.)  and  (19),  that this requirement leads 
to impossible results  for low n values*     In order to obtain high 
efficiency at low bucket velocities,  the  jet velocity nsust be 
low and  the noszle area correspondingly large*     For example, 
for Case A the calculated  jet velocity from the first no«ale  is 
only I4.2 ft/see*,  and the notzle area required ia about 250 sq.ft* 

Alternative requirements which suggest themselves are  also 
either inconvenient or impossible*    For example,  one might  require 
that the fluid consumption be a minimum in each stage,  or that 
the  acceleration fluctuations be minimum*,     Since the uniform  jet 
velocity system seems  feasible,  little further investigation of 
variable wa systems has  been made* 
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Hot*  on Maximum Efficiency Configuration 

As  la   to be  expected,   a configuration designed for m&xisua 
efficiency achieves  that result by using low jet velocities and 
high  jet cross sections.     In any design the  final jet has  the 
largest area.*    Let attention be focused,   therefore,   on A- \p 
the  area of the  final  Jet.    Prom equation (21)  one  finds,  for 
the   standard load, 

AH-1 * 
M*   COS a 

-                   /H-l         Tt° 
* " V    n    w» cea £ 

J           J 
2 P b 

x         
Tt 

w° oos 8 

Define the two quantities q and p as follows* 

n* 
ws ops I 

and 

Then equation (47)  becomes 

fi. ywl^L 

lN-l 
M°cos S 

2f> b 
q - 1 -  to  (1 • bj 

P 
(Ufl) 

- 

- 

How q is given by equation (3d)  for the maximum efficiency 
configuration*     Since  H was   taken as  100 in both cases  previously 
considered,   the  saute  value will be used here.     Substitution of 
these values  into  {I4.8)  gives 

Aqq  •  0.00893 
M°oos $ 

2 f> b 

This  area may become  quite  large   for a large  M°and a small b. 
The numerical coefficient depends only on N,  the number of 
nozzles.    Por example,   one  finds  the  following results for 
Case A,  Case  B,  and a newly  considered Case  C for- mil oh K5" 
25,C00 lbs.,  b »  2 feet,  and oos S  • 0.96t 

Case At A^Q » 1.751 sq.ft. » 252*1 sq.in,; radius • 8.96 in. 

Case Bt A99 » l*?5l sq.ft. • 252.1 sq.in.; radius » 8,96 in. 

Case Ci    A99 • 0.875 sq.ft.  • 126.0 sq.in. j  radius = 6.34 ia. 
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Thus  there may be  a convenience  limit on designing for maximum 
efficiency* 

Consider finally equation*  (34)  and  (37)»     It is apparent 
that while the efficiency  K decreases  as vt/(w  cos 5 )   changes 
from 0.7153 in either direction,  the  total'diaplaoeraent volua* 
Vd increases for v^/tw cos b ) > 0.7153»    Hence  it is  reasonable 
to design for jet velocities more  than the ootimum rather than 
less.    This is shown by a graph of fi/(2 cos2 & )  versus 
2 P VJ/M, which has the  general shape  shown below. 

- 
• 

• 
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APFENDIXB.    EFFECT  OF DECREASING JET VELOCITY ON HYDRAPULT OSOMETRY 

In the  idealised treatment in Appendix A,  a system of H 
nozzles equally spaced a distance b apart was considered*     The 
nozzle  areas were designated by AQ«  AJ_,   .   •   •   •  A^.   •   •  •   • A^.-^ 
respectively*    The nozzles were   inclined at an angle  <b  to th* 
horizontal*     The   Jet impinged on a single bucket of height not 
less  than    b tan & •     It was assumed  that a constant pressure was 
maintained* under which condition the   Jet velocity would be 
constant*    On this assumption calculations were  made  of the 
nozzle  areas necessary in order  that the  shuttle would hare  at 
each jet position the velocity that would be observed for truly 
uniformly accelerated linear motion*    With the use  of such 
previously obtained results as are applicable,  a treatment will 
now be given of  the effect of a gradually decreasing   jet velooity 
resulting from the decreasing pressure  in the adiabatio expansion 
of a gas in an accumulator driving the   jet fluid* 

The equation of motion of the  shuttle was found to be 
(page 59), for nb i x J»  (n*l)b. 

dv 
dt 

2 A n L£ (w cos 6   - v) (1) 

where*  as previously, v  represents  the velocity of the shuttle, 
t  the  time,  Ag the area of the n-th nozzle.   M the mass of the 
load, JO the density of  the  fluid.   S the  angle between the 
direction of the  jet and  the  line  of travel of the shuttle,  and 
w the   jet velocity.    Whereas w was constant in the previous 
treatment,   it will now be  a function of t and hence  of x*    A 
more   convenient  independent variable  in the  present  case  is  the 
volume  V of accumulator gas.     Obviously,   for nb «* x £  (n-t-i)b. 

52 « A    w 
dt       An W (2) 

Combination of equations   (1)   and  (2)  yields 

£l » ZJ2 (w cos 6   - v) 
dV M (3) 

How for an adiabatic expansion the pressure P and the volume V 
are rolated by the expression 

P V* po V (k) 
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where   the   subscript refers  to the  Initial  conditions, 
more,  one  oaa write  that 

P « \f> w2       . 

Therefore, from (ij.) and (5), one obtains 

Further' 

(<) 

w «* w 
fvol k/2 

n-vj (6) 

Substituting equation (6) into equation (3) and rearranging, one 
obtains the relation 

r.. 1  k/2 

dV    M M L V J 
• i i 

which may be written 

d  [       2/OV/M 

dvL"6 • «S w^ cos 5 ve 
? 

1 k/2       2 /? V/H 

(3) 

Integrating this,  knowing  that • • 0 when V * VQ,  one  obtains 
for v  the following expression* 

v«€'2^V/M^w0oos6   v0*
2/", 

2 yOV/H    -k/2 
c v (9) 

v^ 

. 

This may be  rewritten  in the  form 

k/2 

2 /=> V/M (10) 

v •    —*• 
,^v0 

L'  M 
WQ    COB $    £ 

-  2/OV/M 

2/°VM 

u    -k/2 
£;        u du     . 

i. 
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Note  that sine©  in  the  derivation of  the  differential equation 
for dv/dV the  discontinuous variable A- was eliminated,  equation 
(10)   determines  continuously  the velocity v as a function of the 
volume V  for every value  of V. 

Now to determine A_ equations  (2)  and  (6)  are  used to obtain, 
for rib * x *  (n+l)b. 

r     -i k/? 
i  Vr 

dV A,, w0 i  V 

QJt 
(11) 

or 

^ *» 
v  V*''2 dV 

(12) 

• 

This  is   to be  integrated over the entire appropriate  range 
Indicated by 

'n+1 

Anb  ^72    ( "o *<T2J 
v*/2 (13) 

n 

Hencet 

K. 
>+l 

-o v0
k/   > J 

dV (14) 

When equation  (10)   is  substituted in equation (II4.)   one finds  that 

: 2/> vn+l 
M 

M cos £      I    .„    k/9 A« • -r—T"    /€      • '    de n
        2>Ob P 

e u u-k/2 du (15) 
2 ^o v, V°v0 

M 
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in which V ie the total gas volume at x * nb, that is. the total 
gas volume corresponding to the shuttle velocity v„ (through 
equation ilOj) at x • nb.    How Tor simulated uniformly accelerated 
linear motion the velocities are given by 

vn * Vs * B (16) 

in which n • 0,   1,   2,   .   •   .   •  N,  and in which a is  the  space 
average  of the acceleration*    If the  parameter y be  defined by 
y *  2/OV/M,  one  can write from equation (15),  for n » 0,  1,   2, 
•    •    •   N» 

': 

m 

?n+l 
M coa<S    f 
2/>b J 

7n 

S-e^cia 

8 
/• 

/ ^u    -k/2 \ j e   u du (17) 

y<> 

And from equation (10)  one  can write 

V2 a a  u 

k/2 wrt cos 5 
"ynf%u»-lt/2 

du (18) 

Equation (17)*   in conjunction with  (18),  defines  the noszle  area 
Aj.*     In principle  one  now eliminates  the  parameters    yn    from the 
equations  to  obtain An as a function of n.     Actually,   it  is 
impossible  to do  this analytically.    Hence,   one must  solve 
equation (18)   for yn for each valve  of n,  and  then substitute 
in equation (17)   to  obtain Aa<> 

Before   the   solution of these  equations  is   considered, 
several other relations  should be noted.     First,   the   total 
liquid displacement volume  VH   is  flven by V\J •  (VJJ " Vn)» 
Hence,   from the  definition or  the  parameter y, 

3 
vd- M 

Zfli1*'7*. 

where y.. is determined from equation (18) for n • N» 

Second, the time increment Uj, • (tn+^ - t„) for each Jet 
section is easily obtained from equations (2) and (6) as follows. 
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dt •> 
dV 

***       "QV"** 

which yields  upon  integration, 

-V^dV 

U h v/? 

l*k/2 l*k/2 n 

'n+1 -  V. 

1  + k/2 

In terras  of the pedometer yn this becomes 

M 
IT 

2pkn *0 yo 
k/2 

^n*l1+k/2 " V+k/2 

1 «. k/2 

(19) 

(20) 

(21) 

i- 
Third,  the  total energy input K^ is likewise obtained 

easily. 

d*i - I "V dv ' p dV " po vok/2 Uk75    • (22) 

Upon integration this  tfives 

% '  F0  V0 

r     l-k/2 l-k/2 
k/2  ^N ~  V0 

l-k/2 
(23) 

If  this  be  expressed in  the  usual  variables,   one  obtains 

M w0
_ yo 
2 v k/2f„ l-k/2 .       l-k/2 

-i 
5 *y 

l-k/2 
(24) 

Since  the   useful energy  output is  H VJJ /2,   one   finds  for the 
total over-all efficiency  S 

i 
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- (2 - k)  v. 
£ 

2 „ k/2 '    l-k/2      . l-k/2 
7N " 3T0 

(25) 

Hot* from equations (17) and (18) that, as in the case of 
an assumed constant pressure (Appendix A), all planes of the 
same mass M may use the same track if the pressure is adjusted 
so that for eaoh desired terminal velocity lvt/wn eos £ }  » 
constant for the particular track used. Also note that within 
limits planes of different masses may be aocossnodated if as n 
and •£ vary &  and WQ are adjusted so that 

i 

K oos S   * constant and 
'0 cos $ 

constant 

This requires, of course, that the track be designed so that it 
takes the lightest plane with the minimum angle £. Then for 
heavier planes the angle 5  is increased, and if the terminal 
velocity v«- is also larger for the heavier plane, then WQ, and 
consequently the pressure, must be Increased by«a large amount 
to compensate for both the larger r* and the smaller cos**. 
The bucket height must not be less than b tan |«t where £* is 
the angle for the heaviest plane to be launched*  Obviously & 
teohnique such as this can aecosssodate only fairly small 
variations of plane weight, say up to 10 per cent, and la 
therefore of limited importance. 

To return now to the solution of equations (17) and (18), 
define two new symbols % and r as 

*n - 7n -  ^0 and k/2 (26) 

Integration of equations   (17)   and (18)  by series expansions  leads 
to  the following series for vn and An;   these series oonverge for 
reasonable   values  of y0,  yN and r<> 

\ 

• 

\/2 a n b 
WQ oos % 

1-i- 
2! 

L 
L      yo. -n     3, L      yo      y0

2    . *n 

1 "l*f r (r+1)      r  (r+l)(r+2)" 
— 

h? * •   •   •  • k\ yoc           yo-> 
Thus, 

M cos S 
"a *    2 p b 

J     i   -  J n+1       " •1 

(27) 

(23j 
•'••• 
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, 

'n •n' 

1 

2! 
1_ 
3! 

i   - 
^o 

i 
%      * TT n     4* 

. 2r + £_L2X£l 
^% n 

yn tr„2 
«n 

TO y0 JO* 
•n^ • . . • • .   (29) 

A typical  configuration,  Case D similar  to  Case 3  (page  64) 
of  the  idealised treatment of Appendix A, has been partially 
considered-     Case  D represents  a hydrapuit with tiie  following 
specifications: 

Case D:    M.« 50,000 Iba.;  b - 2 feet;  H •» 100f oos 5  *» 0.98; 
average  a - i+.OOg;  v* * 227 ft/sec.  * 155 aphj 
w0 « 694.9 ft/sec;   PQ « 3255 pai;  k * l#400j 

800 ou.ft.; ,£> =  62.5 lba/ou.ft. 

Prom these  one   obtains r » 0.70 and yQ •  2 /DVQ/'H *  2*00. 

For Case D the  first  throe noszle areas are   listed below 
with the   corresponding values previously obtained  (Appendix A; 
for Case B on the assumption of constant pressure. 

• • — m A 

D 

B 

AQ A^ Ag 

0.1132  sq.ft.     0.1169  sq.ft.     0.1195  sq.ft. 

0.1114 0.1135 0.1149 

The  time   required in  the  first section is 0.1745  sec,   compared 
to 0.1752 sec.  for Case B.     The  aooelerations at the beginning 
and end of the first section are i+.lbg and 3«92g respectively 
for Case D,  as  compared  to 4»09g and 3*9og for Case B.    The  total 
water volora  used is  173.6  ou.ft.   in Case  D,  Boreas  it was 
162.2  ou.lt.   in Case  B.     With an initial pressure  of 3255 psi, 
the  final pressure   is  2455 psi,  and the  calculated over-all 
efficiency is 51*4 per cent.     This efficiency is to be  compared 
with the  52*6 per cent for Case  B. 

Because of decreasing jet velocity with increasing expansion., 
the  nozzle  areas must  increase more  i*apidly  in Case D than  In 
Case  B.     For Case u the  calculated area of  the final   Jet,  Aao,   la 
0.2336  sq.ft.     This  corresponds  to  & circular  Jet 6.$4 inches  in 
diameter. 
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The results described here  for a particular case are 
representative  of results which   ?ouxa be obtained for other 
systems.    For example,  if a smaller value of Vg were chosen, 
then the calculated f^ values would be larger..    Conversely, 
Case B represents the limiting  case  in which VA approaches 
infinity*    The conclusions about relative accelerations 
previously reached in Appendix A need be modified only slightly 
for Case D.    The  nsawteeth* in the acceleration versus distance 
curve  are somewhat more  prominent for Case D than for Case B, 
but they are still quite small*    The adaptability for different 
loads is essentially as good in Case D as  it was found to be in 
Case B. 

Some  improvement could be  attained by replacing the  single 
accumulator by  several smaller accumulators arranged to operate 
successive  sets  of jets.     If  this were  done*  an analogous 
computation would have  to be made  for each set of jets to 
determine the necessary areas. 

Finally,  in case  such calculations as   these   should become 
useful, either ^r-aphical or tabular s&uria way be  u^o*.. tc 
decrease  the  labor required.     For example,   in order  to make 
t&ese calculations  ttte right-hand member of equation (27) has 
been evaluated to nine  significant figures for values of xn 
from 0 to 0.14.6 at intervals of 0.02, with ye * 2 and r • 0.7. 

' 

- 

i 
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APPENDIX C.    MIK1MIZATI0K OP TBff ftYSRAPULT WEI CIST 

7hs  total weight of  the hydrapult  (see   seoond equation on 
p*gc  39)   is given approximately by the expression 

fsi.2l4   ,,    HI r 
wt. 

*P 
In 1 - 

vt \tt 

L       19.7 v^i (*0#m - 1) 
0,036  P^ 

137 

• (0.062 HMP^ ;o.W~: + 35,000 

in which L'   is proportional to the total length of pipe required. 
Two cases arise.    A catapult can be  designed for a larger 
terminal velocity either by keeping the  length of the run 
fixed and increasing  the  acceleration,  or by keeping the 
acceleration fixed and increasing the length of the run.    A 
third and more likely way cf  ir.amassing the  terminal velocity 
is  to increase both parameters, but this  oase would be covered 
by consideration of the two more specialised cases.    If the 
higher terminal velocity is obtained by keeping the  length of 
the run fixed and increasing the acceleration    L'   is a constant) 
its value is 0,028 for a 200-foot *ua (see ?*&• 34*  *jad recall 
that 10 per cent has been added for contingencies).    If the- 
larger terminal velooity is obtained by keeping the acceleration 
constant and increasing the length of the run,  U   becomes a 
function of the terminal velocity v^j  in the particular instance 
for which allowance is made only for the increased weight of 
pipe necessary (see page 34, *ad recall that 10 per cent has      7 
been added for contingencies), L*  may be  taken as 5.5 x 10"'  *t • 
The  two values mentioned for L*   are  identical for a terminal 
velooity of 227 ft/sec, obtained with an average acceleration 
of it.Og and a run of 200 feet. 

Minimisation of the weight expression may be carried out in 
terms  of L- •    Computations for either speoi&i «*«e reay then be 
made.    The  independent variables are  taken as  ?•,   and R,    The 
terminal velocity Vt if  considered a parameter.    The weight 
expression may be rewritten in the form 

1 4 ¥1 Px  (R) In 1 - 
Fg (R) 

(2) 

• 

in which 

1    2/Q 
137    M 

(Wt.« 35,000) B 
0.062 • L» ~m— 

: 
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&k 

Pl <R> 

n / n V 

R°* «  1 
+ B 

s 
C (R* - 1) 

c "WTf 

13) 

0.036 

137 
/? « I.2U4. 

, 

; 

Whan Q is differentiated partially with regard to  P^ and R 
rescectively,  one  obtains  (omitting the designation of arguments 
in the functions Pl9 ?2>  pl'   and P2')8 

oP, 

6G 
oR 

rl In 1 - 
L_ V^IJ    , 

Pi *i    *"2 
p2 2P^J 

ik) 

v*i 

Px Pi«   In I 1 - 
1 + Pi PX 

v*i 
1 - 

_ .  i 

v^i J 
(5) 

v*i 

To obtain the values of F-* and R which minimize the weight these 
derivatives are each set equal to zero and the resulting two 
equations solved for P^ and R.  Analytically, this procedure 
insures only that the conditions represent a maximum or a 
minimum. They actually represent a minimum in this case. 

When the quantity 

1 + px ?1 

In    1 - 
V*l 

is eliminated from equations   (U.)   and  (5)»   the   following simple 
relation is  obtained* 

111-- 2 fl 
P2 

(6) 

-• 
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Thia relation defines  the   value  of R which gives  & sxinizsssa value 
of the weight*    When the value of R is  determined,   then the 
corresponding minimi sing value of P^ can be determined from 
either of the original equations in the  form of a transcendental 
relation^  9If one defines the quantity x * Pg/VPi*  BO that 
?^ • P#j*/jc?»  the relation be oca* a 

1 1 - x 1 —   in (1.x, +|J 
2 P, *2* 

(7) 

; 

This equation can be solved for xt.  and hence   for P-,,  when R is 
known. 

Consider the  first special case,   that in which any change 
in design terminal velocity is accomplished by keeping the 
aooelerated run constant and changing the  acceleration.     In 
this case L'   is constant and equal to  0.028.    Hence equation  (6) 
be corns s 

B 
A J 

<*.+fi 
R I-!- Si~£- I 

»-! 

A    °< I R**§ IT 

1. B 
2      A 

C IB) 

lote  that here  there  is no dependence  on terminal  velocity \rt. when 
turner loal values are  inserted,  one  finds  that 

(9) 

1.75 R1,929 - 5.80 R1*21^ * 2.50 B0'1^ • 2.55 R0*500 - 1.00 - 0  . 

! 

The  solution of thie equation is R * 2.123,  a constant for all 
value i 
constant. 
It 
If this is done, 

)   solution of thie  equation is R * 2,123,   a constant for all 
-ues of Y*.     Since R is  a  constant,  P,  and F^/Vt are  also 
istant.     Ihey have  the values Fn  • 0.G01G5 and P^vt B 0.107© 
is  convenient to expmss vt ana p^ in terms of the parameter x. 

and 

/ 4.28 x 101*" x;- 
r     m  yj - T—r — , ft/sec. (10) 

z. 

- 1*85 
iwii*=ssia*f--«» 

i-=-5 In (1 - x)  + 1/2 
psl (11) 
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Restricting attention to a range of acceleration from 
approximately Ig to lOg, for a 200-foot run (Tor which R * 2.123) 
one obtains the results given in the following table* 

0.30 
0.35 
0.14.0 
o*U5 
0.50 
0.55 
0.60 

108 ft/sec, 
132 
160 
191* 
23> 
291 
373 

!i */g 

1L60 psi 
1620 

0.91 
1.35 

1820 1.99 
2100 2.92 
2510 It. 29 

6.57 3160 
1*370 10.8 

\ 

i. 

The manner of variation of R and of  F-.  with vfc   is 
graphically by  the full-line   curves on page i|5. 

shown 

How consider the  second special case,   that in which any 
change in design terainal velocity is accomplished by keeping 
the aeoeleration constant; and changing the length of the  run* 
In the particular instance for whloh allowance  is made only 
for the increased weight of pipe necessary,  L*   may be taken 
as 5*5 x 10"' vt2.    in tnis case it is found that R as defined 
by equation (6)*is a function of v*.     In order to calculate 
corresponding values of R and v*, however,  it is more 
convenient to  solve equation (6;  for v* for selected values 
of R,  and then to  calculate  P-,   in a manner analogous to that 
used in the  first oase. Solvffd for vt2r equation (6}  b«coses 

1 
F 

5.5 x 10-? 

0.036 -   L*? -IJR '•£R 
»-et 21 - TL 

t R   - e?R       *  1 
- 0.062 (12) 

or 

2 1 ji 0.036       ",[-0.200 R1'214 • 1.700 R0s$0° - l.gOOj 

^    " 5.^ x 10-7^0.714 - l[ 0.700 R1*21^ -  1.700 R0^00 + 1.000] 

. 0.062 

J 

(13) 

Using this equation, values  of v* oan be  calculated for selected 
values of R.    The  results are   then used to  calculate 

?•, 
137 

0.036 
R°^714 ~ 1 

4 

+ 0.062 4- 5,5 x 10"7 vt' 
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P« • 
•t  !R 1.21k 

2      19«7;R0.71k . xl 

COHFIDBr 

• 

These  define x as follows by equation (7). 

m I 

2P1F2 

1 
7  — In (1 - x) • 5 

x * 

Having the value of x. P. la then given by 

• 

Restricting attention to approximately the  asuae  *aag 
terminal velocities aa  considered in the  first case,  eon 
ing to aooelerated runs s up to about 500 feet at a oois 
acceleration of k.Qg,  one obtains the results given in t 
following table. 

i 

2.30 
2.25 
2.20 
2.15 
2.10 
2.00 
1.90 

103 ft/aeo. 0.271 
lkl 0.350 
176 0.kl3 

0.k66 209 

foa 0.509 
0.57k 
0.622 371 

I7k0 psi 
1910 
2120 
2310 
2530 
30k0 
3770 

The manner of variation of R and Pi_with v«,   i«    shown 
by the broken-Una  curve a on page hi- 
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